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The anthropogenic introduction of nutrients to water bodies has been shown to alter the structure 

and function of natural aquatic ecosystems, yet national EPA lake and reservoir nutrient criteria 

remain too broad for effective regional water quality management. This study uses a reference 

site approach to propose numeric nutrient criteria for concentrations of total nitrogen (TN) and 

total phosphorus (TP) specifically applicable to lakes and reservoirs in Oregon. Oregon lake 

watersheds with existing lakewater nutrient data were characterized using GIS techniques to 

eliminate lakes with known point and non-point sources of anthropogenic nutrient contributions, 

resulting in 98 minimally or least-altered Oregon lakes.  These minimally altered lakes were used 

as reference sites for their corresponding Omernik Level III ecoregion based on majority 

ecoregion composition of the lake watershed. CART regression and other statistical procedures 

were used to relate existing data on summer nutrient concentrations to reference site factors, 

including: water residence time, soil properties, elevation, lake depth, precipitation, and 



	  

watershed deciduous forests and wetlands. Lake classifications from this analysis were only 

significantly related to precipitation and supported aggregate ecoregion groupings of the Western 

Forested Mountains (Coast Range, Willamette Valley, Cascades, Klamath Mountains, and Blue 

Mountains), Xeric West (Northern Basin and Range, Columbia Plateau, and Snake River Plain), 

and Eastern Cascades were used to set ecoregional criteria for TP. For TN, the Eastern Cascades 

were not significantly different from the Xeric West and aggregated into the Xeric West 

ecoregion. As per EPA guidelines, the 75th percentile of reference site nutrient concentrations in 

an ecoregion were used to set ecoregional nutrient criteria with the following results; Western 

Forested Mountains: 11 µg TP/L and 277 µg TN/L; Eastern Cascades: 78.5 µg TP/L; and Xeric 

West: 490 µg TP/L and 760 µgTN/L. Nutrient	  concentrations	  in	  a	  random	  sample	  of	  Oregon	  

lakes	  taken	  from	  EPA’s	  2007	  and	  2012	  National	  Lake	  Assessment	  surveys	  were	  assessed	  

using	  the	  proposed	  criteria.	  Statewide,	  21	  –	  37%	  of	  lakes	  had	  TP	  below	  criteria	  and	  40	  –	  

64%	  of	  lakes	  had	  TN	  below	  criteria	  in	  the	  two	  surveys.	  These	  results	  contribute	  to	  nutrient	  

management	  efforts	  and	  inform	  agency	  scientists	  and	  decision	  makers	  regarding	  the	  

complexity	  of	  nutrient	  –	  land	  use	  relationships	  in	  lakes	  and	  their	  watersheds.	   
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CHAPTER 1. INTRODUCTION 
 
 Oregon is a diverse state in every sense – climatically, geographically, and even 

economically and politically. Oregon’s natural resources are the primary driver of this great 

diversity.  Western Oregon has a wet, humid maritime climate, while the Cascade rain shadow 

influences dry continental climate in large expanses of eastern Oregon, except along the 

Columbia River Gorge. Douglas fir forests dominate many parts of Oregon, while other 

mountainous regions are mostly Ponderosa pine. Flat prairie grasslands and sagebrush steppes 

transition to high elevation plateaus and rolling hills. Oak savanna co-exists with forests and 

grasslands in transitional gently sloping mountain-to-valley terrain (Dicken 1965). The geologic 

history of Oregon causes newer volcanic snow-topped Cascade peaks to tower over older eroded 

western mountains, and dot parts of the west and plateaus of the eastern landscape with cinder 

cones and buttes. Cenozoic uplift and Pleistocene floods created mountains and carved away 

canyons and gorges. Sedimentary, metaphoric, and igneous rocks are all represented with 

widespread areas of basalt rock, coastlines of sandstone and siltstone, and soils derived from 

volcanic ash, as well as prehistoric deposits of silt and loam (Orr and Orr 2012). Streams, rivers, 

and lakes store and carry water throughout much of the state that supports native flora and fauna, 

and reservoirs have been built to sustain fisheries and human populations. These water resources 

also power hydroelectric dams and mills, and sustain other industrial operations for economic 

gain (Dicken 1965). 

 With these landscapes providing plentiful forests, Oregon is one of the largest timber 

producers in the world. The state also boasts the largest grass seed production, and largely 

contributes alfalfa, hay, and grains, as well as orchards and other crops. Coast Range dairy farms 

are famous for their products, and pasture and rangeland for sheep and cattle is the predominant 
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land use east of the Cascades. Oregon’s Willamette Valley is economically influential as an 

agricultural and metropolitan center of the state, where 70% of Oregon’s population resides, as 

well as the state’s political capital, Salem (Census Bureau 2010; Oregon Department of 

Agriculture 2012).  

Agriculture and urban land use practices have major impacts on water use and water 

quality in Oregon, and particularly in the Willamette Valley.  Nevertheless, state legislation to 

protect Oregon’s water resources are lacking, specifically in regard to nutrient management of 

anthropogenic sources. This has led to an increase of nutrients in all types of water bodies 

(USEPA 2000). Oregon lacks complete nutrient management legislation at the state level and has 

no future plan of adopting this type of legislation, choosing only to abide by chlorophyll-a 

criteria, a surrogate indicator of algal biomass (Borok 2014; USEPA 2014). 

This thesis focuses on the development of numeric nutrient criteria for Oregon’s lakes 

and reservoirs, collectively referred to as lakes in this thesis. In 1998, 51% of United States’ 

lakes were considered impaired from nutrients, making it the leading cause of lake impairment 

(USEPA 1998). As of the 2007 National Lakes Assessment (NLA) survey, approximately 20% 

of the country’s lakes were considered nutrient impaired by a new definition, and excessive 

nutrients were the second most common cause of impairment (USEPA 2010). Human sources 

have  led to greater quantities of nutrients in lakes and their watersheds, with a resulting “cultural 

eutrophication.”  Cultural eutrophication refers to anthropogenic sources of nutrients rapidly 

increasing the primary productivity of a water body. Eutrophication is a natural process that is a 

part of lake aging over time, but cultural eutrophication changes the availability of nutrients and 

temporal component of this process (USEPA 2000).  
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This thesis seeks to separate natural from anthropogenic nutrient inputs in lakes and to 

suggest numeric criteria for total phosphorous (TP) and total nitrogen (TN) in different lake 

types. This will allow management by natural attributes to protect their natural condition and 

designated uses. Establishing and enforcing meaningful numeric nutrient criteria can prevent 

further degradation and mitigate existing alterations to Oregon lake ecosystems.  

	  
 
Watershed Mechanisms: Nutrient Transport and Processing in Lakes 
 
 In the natural world, water is constantly moving. The water cycle is driven by the sun, 

which causes movement of water through the physical processes of evaporation, transpiration, 

condensation, precipitation, infiltration, and subsurface flow (Nelson 2003). While water 

movement is easy to envision in rivers and streams, lakes are not often thought of as dynamic 

entities. However, changes in lake properties are often unexplainable by considering only the 

lake itself (Bohn and Kershner 2002). Accounting for the spatial and temporal movement of 

water allows changes in a lake to be attributed to changes in its watershed, the catchment area 

that drains into the lake. Runoff is water incurred from precipitation, snowmelt, or anthropogenic 

sources that flows over land and downhill typically into streams, rivers, and lakes, but also drains 

and sewers (Nelson 2003). This movement of water makes runoff a vital process of nutrient 

transport through the lake watershed.  

 Nutrients are naturally occurring elements that are necessary for biological metabolic 

processes and growth. Nutrient cycles are biogeochemical, moving between lithosphere, 

hydrosphere, and biosphere, with some, like nitrogen, also moving through the atmosphere 

(Jenkins and Ives 1973; Sprent 1987). Watershed hydrology allows for transport of nutrient 

sources, like eroded soils, or decaying biomass, from the relationship between catchment slope 
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and channel. The nutrient source, delivery, storage, and time-scale of movement between 

watershed landscape and water body are all important components to understand their 

movement, and potential change of form (McManus and Duck 1993).  Lakes act as a sink and 

accumulate nutrients over time. Minimal nutrient loss occurs when there is an influx of nutrient-

poor water that is washed out, otherwise physically removed from the lake, or whose phosphorus 

binds with certain salts and becomes inactivated, precipitating to the lake bottom and being 

trapped for some time (Jenkins and Ives 1973).  

 Nutrients impact water quality and thus influence the lake biota. Freshwater ecosystems 

are typically phosphorus limited, and therefore plant growth, primarily algae and phytoplankton, 

is generally limited by lack of phosphorus (Jenkins and Ives 1973). In the summer, when there 

are fewer nutrients in the higher reaches of the water column, both nitrogen and phosphorus can 

be limiting (Elser et al. 1990). By limiting plant growth, physical and chemical processes in lakes  

enhance water clarity, increase dissolved oxygen, increase light, and support greater variety of 

lake flora and fauna. This also allows people to safely use lakes for recreation, drinking water, 

irrigation, and fisheries (Carpenter and Kitchell 1993). 

The accumulation of nutrients and their impact on a lake is inevitable over time in the 

eutrophication process of lake aging; though some lakes in nutrient poor areas can age very 

slowly and in some cases, eutrophication can naturally reverse for extended periods. Therefore 

there are naturally occurring lakes defined by nutrient, also called trophic, levels.  Oligotrophic 

lakes are typically clear, large, deep, colder lakes with sandy or rocky substrate shorelines and 

contain fewer or more dispersed planktonic organisms or rooted plants, but may support 

fisheries. Eutrophic lakes are typically much more turbid, small, shallow, and warmer, with a 

soft bottom. Eutrophic lakes support rooted plants, planktonic species, and regular algal blooms. 
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If the eutrophic lake is deep enough to thermally stratify, there is a lack of dissolved oxygen 

along the bottom layer. A mesotrophic lake has characteristics in between oligotrophic and 

eutrophic lakes (Carpenter and Kitchell 1993). A dystrophic lake does not fit into this 

categorization as well, as they are primarily influenced dissolved organic materials that cause 

water coloration, due to a significant amount of wetlands in the watershed. While nutrient levels 

vary, primary production is suspected to be limited in some by light from this coloration. The 

characteristic shallow depth, however, may negate that in some (Vaga et al. 2005). This thesis 

seeks to set nutrient criteria that will limit cultural eutrophication in order to protect a lake’s 

natural trophic status and ecosystem processes. 

 
 
The Purpose of Nutrient Criteria and Management 

 Lakes are characterized as impaired when their water quality does not sustain their 

designated uses, such as for fisheries, recreation, or drinking water. In the context of nutrient 

loading, impairment is measured most often by quantities of nitrogen, phosphorous, clarity, and 

chlorophyll-a (USEPA 2000). Designated uses are met by maintaining lake ecosystem health, as 

these uses are impacted by nutrients’ ability to manipulate the structure and function of aquatic 

ecosystems (Herlihy et al. 2013). This nutrient addition can cause an increase of algal biomass, 

shifting trophic causal chains, and the aforementioned promotion of lake aging, which causes 

measurable and costly impacts such as noxious algal blooms, fish kills, and reduction in water 

clarity (Bulley et al. 2007; Herlihy et al. 2013). The Environmental Protection Agency (EPA) has 

also indicated nutrient over-enrichment as potentially posing a public health risk (USEPA 2000). 

Because a lake receives nutrients from its watershed, studying not only the lake, but also the area 

the watershed covers, can identify potential sources of downstream impacts (Bohn and Kershner 
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2002). This watershed scale spatial analysis of nutrient variables may be invaluable to 

determining whether nutrients are from anthropogenic sources or naturally occurring; this allows 

appropriate management of the lakes to enforce reduction of anthropogenic nutrient loading. 

Lakes of different naturally occurring nutrient concentrations have different designated uses 

associated with them. For example, lakes for recreational activities like swimming are preferred 

to be oligotrophic to mesotrophic, while lakes supporting fisheries are typically mesotrophic to 

eutrophic in nature (Bachmann et al. 2012). With anthropogenic nutrient addition, these lakes 

could rapidly change trophic levels and impair their designated uses. In eutrophic lakes, fish-

supporting capacity diminishes with hyper eutrophic conditions (Bachmann et al. 2012b).  

  

Research Questions, Objectives, and Application 

 This thesis research aims to develop a method to establish nutrient criteria for Oregon 

lakes. The primary research question is how to determine appropriate numeric TP and TN 

criteria for Oregon lakes; the secondary question is how to determine the best way to categorize 

lakes to represent their natural nutrient conditions to create appropriate TP and TN criteria. The 

first step toward answering these questions is to identify the least disturbed lakes, or most 

minimally disturbed lakes where least disturbed lakes are absent, with geographic information 

systems (GIS) in order to characterize natural nutrient variation across Oregon’s diverse 

landscape. The second step is to identify background variables that significantly drive these 

natural nutrient conditions as a basis for comparison with similar lakes also using GIS and for 

development of pertinent nutrient criteria. For the final step, the proposed numeric TP and TN 

criteria are applied to a random sample of 59 Oregon lakes to gauge their performance against 

the proposed criteria. These random lakes are a part of EPA’s National Lake Assessment (NLA) 
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and were selected with a probability design to infer the current nutrient condition of lakes 

statewide. 
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CHAPTER 2. LITERATURE REVIEW 

The History of U.S. Nutrient Management 

 Nutrients were first recognized as problematic in 1976 when the EPA published the 

Quality Criteria for Water, which established criteria for nitrate nitrogen and phosphorus. A 

nitrate nitrogen limit of 10 mg/L was created for domestic water supplies in the interest of human 

and animal health, while a phosphorus limit of 0.10 mg/L was set to protect organisms from its 

bioaccumulation in marine and estuarine waters. This was not revisited again until 1996 when an 

EPA Report to Congress Executive Summary showed that nutrients were among the leading 

causes of water quality impairment for all water body types, including more than half of the 

country’s lakes. This response and further responses have been limited because of the difficulty 

of policy development due to the scale of nutrient enriched waters, as well as the variability of 

nutrient conditions, both anthropogenic and natural, across the country. 

 A National Nutrient Assessment Workshop was held in 1995, and after the Executive 

Summary to Congress in 1996, a 1998 a peer-reviewed National Strategy for the Development of 

Regional Nutrient Criteria was published from the workshop participants’ collaborative findings. 

A regional and water body-specific approach was proposed for development of nutrient water 

quality criteria, meaning the country would be divided into smaller regions, and management of 

water bodies would be split: lakes and reservoirs, streams and rivers, estuaries and coastal 

waters, and wetlands. Technical guidance manuals were proposed to direct states and regions to 

develop criteria using consistent methods and goals; these manuals were eventually released in 

2000. An EPA National Nutrient Team with Regional Nutrient Coordinators was to develop area 

databases and promote state and tribe involvement. The Nutrient Criteria Technical Guidance 

Manual for Lakes and Reservoirs and personnel were directed to assist with guiding numerical 



	   9	  

regional target ranges, through development of water quality criteria, the associated standards, 

National Pollutant Discharge Elimination System (NPDES) permitting limitations, and 

establishing total maximum daily loads (TMDLs). Lastly, the 1998 strategy directed monitoring 

and evaluation of the nutrient management programs as they are implemented (USEPA 1998).  

 

EPA Nationwide Nutrient Criteria by Ecoregion 

The 2000 release of the Nutrient Criteria Technical Guidance Manual for Lakes and 

Reservoirs (referred to as Technical Manual from here on) recommended a criteria development 

strategy based on the nutrient ecoregions. Along with the Technical Manual came the Ambient 

Water Quality Criteria Recommendations in 2000, which were based on “Omernik ecoregions” 

(USEPA 2000b).  The Omernik ecoregions serve to define different ecological regions of the 

conterminous United States. The original ecoregions, now referred to as Omernik Level III 

ecoregions, broke the area in 76 (and later 84) sub-regions by geographic characteristics such as 

soils, physiography, vegetation, land use, geology, and hydrology (Omernik 1987). Later, Level 

I, II, and IV were developed to analyze ecosystems at different scales, though Level III is the 

most commonly used scale for statewide management of natural resources (Omernik 2014; 

VWRRC 2007). Current national nutrient management policies have grouped together like 

ecoregions, where nutrient concentrations have anticipated similarity between water bodies; this 

forms 14 national nutrient ecoregions (USEPA 2000).  
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Figure 1. Omernik Level III Ecoregions of Oregon 

 
      Figure 2. Nutrient Ecoregions of Oregon Aggregated from Omernik Level III Map 
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The Ambient Water Quality Criteria Recommendations characterized reference 

conditions on both the nutrient ecoregion scale suggested by the Technical Manual, and the 

Omernik Level III ecoregion scale, as the results varied within the nutrient ecoregions. However 

for Oregon, these recommendations do not include the Willamette Valley (USEPA 2000b). The 

recommendations were developed using the 25th percentile of an annual median nutrient 

concentration of all surveyed lakes. Total nitrogen was calculated in areas that are lacking TN 

sampling or that were very low in comparison to relative TKN and nitrate and nitrite values. The 

medians of the TKN and nitrate and nitrite values were added to achieve a calculated TN. 

 
Western Forested 
Mountains (Total) 

No. of Lakes Surveyed Minimum  Maximum  25th Percentile 

TN (mg/L) - reported 45 0 3.07 0.10 
TN (mg/L) - calculated NA 0.01 4.44 0.18 
TP (µg/L) - reported 296 0 507.5 8.75 
Coast Range No. of Lakes Surveyed Minimum  Maximum  25th Percentile 
TN (mg/L) - reported 1z 0.19 0.19 0.19 
TN (mg/L) - calculated NA 0.13 1.14 0.13 
TP (µg/L) - reported 14 5.0 35.4 7.10 
Cascades No. of Lakes Surveyed Minimum  Maximum  25th Percentile 
TN (mg/L) - reported 15 0 0.34 0 
TN (mg/L) - calculated NA 0.12 0.35 0.12 
TP (µg/L) - reported 74 1.5 98 6.25 
Eastern Cascades No. of Lakes Surveyed Minimum  Maximum  25th Percentile 
TN (mg/L) - reported - - - - 
TN (mg/L) - calculated NA 1.16 2.15 1.16 
TP (µg/L) - reported 6 65 191.2 68.6 
Blue Mountains No. of Lakes Surveyed Minimum  Maximum  25th Percentile 
TN (mg/L) - reported - - - - 
TN (mg/L) - calculated NA 0.18 1.62 0.18 
TP (µg/L) - reported 5 12 247 85.8 
Klamath Mountains No. of Lakes Surveyed Minimum  Maximum  25th Percentile 
TN (mg/L) - reported - - - - 
TN (mg/L) - calculated NA - - - 
TP (µg/L) - reported 3z 40 160 40zz 

Table 1. Ambient Water Quality Criteria Recommendations – Western Forested Mountains and Omernik    
Level III Sub Regions (2000). Z denotes data compiled only from selected seasons. 
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Xeric West (Total) No. of Lakes Surveyed Minimum  Maximum  25th Percentile 
TN (mg/L) - reported 26 0.17 2.37 0.40 
TN (mg/L) - calculated NA - - 0.31 
TP (µg/L) - reported 170 1 1,000 17 
Columbia Plateau No. of Lakes Surveyed Minimum  Maximum  25th Percentile 
TN (mg/L) - reported 3 0.36 0.39 0.36 
TN (mg/L) - calculated NA - - 0.72 
TP (µg/L) - reported 17 30 208 35 
Snake River Plain No. of Lakes Surveyed Minimum  Maximum  25th Percentile 
TN (mg/L) - reported - - - - 
TN (mg/L) - calculated NA - - 1.44 
TP (µg/L) - reported 18 17 152 20 
Northern Basin and Range No. of Lakes Surveyed Minimum  Maximum  25th Percentile 
TN (mg/L) - reported - - - - 
TN (mg/L) - calculated NA - - 0.17 
TP (µg/L) - reported 7 86 90 86 

Table 2. Ambient Water Quality Criteria Recommendations – Xeric West and Omernik Level III Sub  
Regions (2000). Z denotes data compiled only from selected seasons. 
 
 

 In 2001, the EPA published the Ambient Water Quality Criteria for nutrients under 

section 304(a) of the Clean Water Act. A numeric nutrient criterion was acceptable if it reflected 

localized conditions and protected specific designated uses, but development of numeric nutrient 

criteria was encouraged regionally or by state using the Technical Manual or other scientifically 

defensible methods and water quality data (USEPA 2000). The 304(a) criteria also did not 

consider the designated uses separately, with the belief that the developed criteria would be strict 

enough to protect all designated uses. Downstream impact was also outlined in 304(a) as a 

primary consideration of numeric nutrient criteria. In 2007, this was followed with a memo 

advising the creation of numeric nutrient criteria as drivers of water quality assessments and 

watershed protection management. Total maximum daily loads (TMDLs), the maximum amount 

of a pollutant that a water body can receive and still meet water quality standards, have been 

created for a number of water bodies with the support of the federal EPA to the states. TMDLs 

help in determining allocation of quantities allowed from the various sources of a pollutant. 

In 2008, the “State Adoption of Numeric Nutrient Standards 1998-2008” was released, 

reporting state progress toward complete numeric nutrient criteria. The EPA recognized the 
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urgency of nitrogen and phosphorous pollution at this point in time by forming the EPA Nutrient 

Innovations Task Group (NITG). In 2009 the NITG published a report that found only six states 

adopted numeric nutrient criteria for one or more parameters for all of their lakes and reservoirs; 

only 13 states adopted numeric nutrient criteria for one or more parameters for part of their 

lakes/reservoirs, and 31 had not adopted any criteria (USEPA NITG 2009). The numeric criteria 

Oregon developed used 0.015 mg/L of chlorophyll-a for non-thermally stratifying lakes, and 

0.010 mg/L for thermally stratifying lakes.  This is a surrogate for total phosphorous (TP) or total 

nitrogen (TN) criteria, so direct regulation of total nitrogen or total phosphorous was largely 

ignored. Like most established statewide criteria they do not apply to reservoirs and ponds less 

then 10 acres in surface area, marshes, and saline lakes. The few exceptions that had developed 

numeric TP criteria were site-specific, meaning they only represented individual or select 

impaired lakes, or some individual city or county’s criteria. No other numeric TP or TN criteria 

were created for lakes (USEPA 2014). 

 
Lake or County Name (TMDL date) Total Phosphorous (TP) (µg/L) 
Clear Lake (1992) 241 pounds/year 
Garrison Lake (1988) 576 pounds/year 
Tualatin (most recently revised 2001) 40 – 110 µg/L 
Yamhill (1992) 50 – 70 µg/L 
Upper Klamath Lake (2002) ~110 µg/L annual lake mean TP 

~30 µg/L spring (March – May) lake mean TP ~66 µg/L 
annual mean TP from all inflows  

Tenmile Lake (2007) 7.1 µg/L 

     Table 3. Existing Oregon Lake Numeric Criteria  
 

While 46 states had submitted future plans for establishing numeric nutrient criteria, 

Oregon was not one of them. In 2011, the EPA published a memorandum that addressed 

numerous nutrient regulatory points, including a framework for prioritizing watersheds on a 

statewide basis for nitrogen and phosphorous loading reductions and developing numeric 

nutrient criteria plans for states yet to adopt them.  
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In June 2014, the Oregon Department of Environmental Quality (DEQ) published 

Oregon’s Nutrient Management Plan that contained qualitative guidelines for nutrient 

management, like a watershed management approach, which aligns with some considerations of 

this thesis. Yet the document states there is still no future plan for Oregon statewide numeric 

nutrient criteria establishment for TN or TP concentrations in any water bodies (Borok 2014). To 

date, no ambient water quality criteria recommendations for the Willamette Valley nutrient 

ecoregion have been published (USEPA 2014). 

 

Methods of Establishing Nutrient Criteria 

 In order to develop a potential nutrient management strategy for Oregon’s lakes, this 

thesis explores the EPA specified methods of establishing numeric criteria supported by the 

Technical Manual. Each method relies on hypothesizing the natural nutrient condition of lakes as 

a guideline for an achievable numeric nutrient goal. The first method, and most often used, is by 

direct observation of minimally or least disturbed lakes that could be used to compare with 

similar impacted lakes. The second outlined method is a paleolimnological reconstruction of past 

nutrient conditions derived from statistical models and sediment core samples to infer natural 

nutrient concentrations. Lastly, predictive models with large historical data sets – typically 

statistical or mass balance in nature – can be used to extrapolate natural nutrient content in a 

lake. All methods aim to provide a “reference condition” baseline of nutrients in a specific lake 

or lake type, in which to compare impaired conditions (USEPA 2000). If these methods are to be 

used beyond a specific lake, these methods secondarily require identifying a set of lakes that 

represent different lake types. Along with the federal nutrient ecoregion classification, numerous 

states have typically used the Omernik Level III ecoregions as well to justify lake types 
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(VWRRC 2007). Additionally, some states have also used physical characteristics of the lakes, 

as ecoregions in some areas can be at too broad a scale to address local nutrient sources that 

cause variation (Wickham et al. 2005; Bachmann et al. 2012). The Technical Manual also allows 

for other scientifically defensible methods of determining appropriate criteria that may be more 

appropriate or applicable in some scenarios. This section details the different methods and how 

states are implementing them as case studies of successfully approved nutrient criteria and 

management strategies. To consider multiple answers to the stated research questions, all 

methodologies considered directly align with the research objectives and application of this 

thesis.  

 

Defining Reference Lakes  

There are many interpretations of what is considered as a reference condition and how to 

determine it (Stoddard et al. 2006). The Technical Manual defines a reference site approach by 

choosing lakes and their watersheds that are minimally or least impacted by humans. The 

suggested methodology for implementing the reference site approach is based on developing 

similar nutrient regions and choosing lakes representative of natural nutrient conditions by 

finding those that are least or minimally impacted in each region or class. This is the 

methodology used to set the national nutrient criteria, and also the choice of numerous states 

(USEPA 2000; VWRRC 2007; USEPA 2014). Yet, there is no definitive answer to whether or 

not this reference approach will create numeric nutrient criteria capable of restoring each lake to 

its natural nutrient condition because the processes governing such are so complex (USEPA 

2000). In addition, what is considered a reference site at this point in time may not be in the near 

future. Climate change will act upon all lakes and their watersheds and it cannot be assumed that 
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natural and impacted watersheds will change at the same rate; it is more likely that climate and 

land use impacts together will have a synergistic effect. There is, however, evidence that a 

reference site approach is currently protective of biological conditions and designated uses from 

a management perspective. To account for some variability, the whole reference condition value 

ranges are considered and subsequent flexibility is determined, such as setting criteria at the 

commonly used 75th percentile of reference condition lakes. It is important to note this is largely 

dependent on the composition of a sample and the sample size, requiring large and diverse data 

sets for this method to be effective. Often, the reference condition is below that established 

concurrently by biological indices that protect lake ecology; because of this, some states choose 

to raise the criteria to a value that is greater but that would still protect designated lake uses and 

hypothetically the ecosystem those uses depend on (USEPA 2014). The EPA and DEQ both 

endorse the reference method because, when implemented properly, it works for all scales of 

management and is cost effective (USEPA 2000; Borok 2014).  

 

Paleolimnological Sampling 

 Paleolimnological sampling is a method of inferring nutrient history by examining 

diatom species assemblage composition taken from sediment cores from the bottom of a lake. It 

assumes a strong correlation between microbiota and water quality. Typically several types of 

biological materials are examined, though diatom silica frustules and chrysophyte scales are used 

most often and most successfully in inferring historical water chemistry conditions (USEPA 

2000). The states of New York and New Jersey gathered a series of paleolimnological sediment 

core samples to infer nutrient enrichment for criteria development. In a sample of 27 lakes, 12 

had much greater quantities of diatoms as well as different species that are more nutrient 
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dependent at the top of the sample (i.e., more recent conditions) than from the bottom. In 

contrast, decreases of diatoms from their historical amounts to present day occurred in another 

12 lakes. Three showed no change.  These results were not conclusive enough to allow criteria to 

be developed, though two lakes had dated diatom changes that corresponded with major 

historical human disturbances (Enache et al. 2008).   

Birks et al. (1976) used paleolimnological samples from three lakes in northwest 

Minnesota to correlate changes in diatom and other microbiota presence in the sediment cores to 

historical anthropogenic changes in the area and to measure the sensitivity to that change. One 

lake was used as a control, with only some logging in the watershed and a small dam present. 

The other two were heavily impacted by agricultural runoff and sewage effluent. The changes in 

microbiota composition were as anticipated. The control showed mild microbiota increases that 

corresponded with the time of disturbance, while both lakes showed much greater quantities and 

a change in species composition over time, including an influx of microbiota in one lake when it 

was partially drained (Birks et al. 1976). However, the relationship of the microbiota with 

nutrients was not quantified. Paleolimnological sampling has also had a cross over with 

predictive modeling as these sediment cores have also been used to extrapolate water chemistry 

information for diatom-based predictive models (USEPA 2000). A study of southwest Ontario, 

Canada, lakes compared results of nutrient predictions from paleolimnological samples to a 

predictive model. The paleolimnological sampling ranged from 1850s to present-day sediment 

cores, where the composition of diatom species was solely considered. The model used was the 

Lakeshore Capacity Model (LCM), which mass-balances phosphorus based on export 

coefficients that relate lakes and their watershed variables to surface nutrient concentrations. The 

sediment cores showed 78% of lakes increased in TP (29% significantly), and 8% decreased, 
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though as much as 63% have not significantly changed. The model, however, estimated 56%  of 

lakes increased in TP, and the remainder did not change at all. The averages between approaches 

were similar, but individual lake results were not comparable (Reavie 2002). 

 

Predictive Modeling  

 Modeling is typically used in place of data analysis when there are few or absent 

limnological data sources for a lake or region so that extrapolated numbers may suffice to some 

degree of accuracy. It’s also used when no reference data exists, or reference condition is 

unlikely to exist, i.e., where least impacted lakes are still quite impacted (USEPA 2000). The 

Technical Manual outlines two modeling procedures for lakes: using a morphoedaphic index 

(MEI) or extrapolating background nutrient loading from undisturbed conditions, which involves 

nutrient concentration estimation via a mass balance model. In a lake, the MEI is a ratio of total 

dissolved solids at mean depth and is important because in cool, temperate lakes it correlates 

with phytoplankton production and predicts phosphorus concentrations in these lakes well.  

Likewise, many models use stressor-response relationships between nutrients and a 

biological entity, as biological conditions can respond to nutrients. A study done in Michigan 

considers nutrient criteria development from biological thresholds input into a predictive model 

at an ecosystem scale. Soranno et al. (2008) created this framework to predict expected nutrient 

concentrations for each ecosystem in Michigan, to identify biological thresholds and a gradient 

they fall along, determine current nutrient condition, and use the accumulation of that 

information to form a set of criteria. The model also recognizes ecosystems varied in nutrient 

concentration before humans and criteria should be set at the current concentration or below the 

biological threshold, whichever is less. A range was developed for Michigan lakes and the need 
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for multiple classes of criteria became apparent from application of the model (Soranno et al. 

2008). Many states have identified streams that have the least biological stress as reference sites 

for determining background nutrient concentrations, though for lakes this is restricted to 

impoundments and flowage lakes because they are stream-fed; it would not be sufficient for 

lakes with significant ground water input and the capacity to thermally stratify (USEPA 2000; 

USEPA 2014). 

Similarly, models have been considered that model nutrient concentration, with instead of 

a stressor, a contributor. These models show nutrients in a relationship with an opposing 

biological entity – algal species, which is correlated with eutrophication (with too much algal 

biomass, there is an overall negative impact on water bodies). Carleton et al. (2009) created a 

model called AQUATOX that modeled algal cyanobacteria biomass as a response to TP and 

determined 100 µg/L to be a nutrient threshold for the promotion of algal growth. Freeman et al. 

(2009) created a Bayesian model called BTREED that associated environmental stressors, 

including nutrients, with biological responses, like chlorophyll-a, in lakes, ponds, and reservoirs 

using the EPA National Nutrient Criteria Database data. It fit the data using a Markov chain 

Monte Carlo to create possible trees, and is comparable to a categorical and regression tree 

(CART) analysis; overall, the model has good out-of-sample prediction using categorical ranks 

of nitrogen sources, chlorophyll sources, ecoregions, and month to predict chlorophyll-a 

quantities (Freeman et al. 2009). Huo et al. (2004) performed a regional stressor-response study 

that measured the chlorophyll-a content of lakes in response to TP and TN, determining criteria 

for TP and TN that support the idea that reference lakes above 60 µg/L are impacted (Dodds and 

Oakes 2004).  
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Application of Nutrient Criteria Methods  

While EPA endorses each of these methods as an appropriate mechanism for determining 

numeric nutrient criteria, a comparison of methods -- reference site, paleolimnological sampling, 

and predictive modeling (via a stressor-response model) -- shows that they may reach different 

conclusions (Herlihy et al. 2013). In the conterminous U.S., a national lake survey was 

conducted comparing the three methodologies on the same population of reference condition 

lakes. The paleolimnological and stressor-response modeling methodologies were demonstrated 

on subsets of the reference lakes that had core samples or were applicable to the developed 

model. The results showed that the criteria based on the reference lake 75th percentile of stressor-

response model nutrient concentrations were the strictest, while the criteria from the 75th 

percentile of reference site approach was middle; the paleolimnological samples demonstrated 

historically much higher concentrations, resulting in that 75th percentile to be much higher 

(Herlihy et al. 2013).  

These results account for different interpretations of reference. As Stoddard et al. (2006) 

argue, the original concept of reference condition is for the preservation of biological integrity, 

while such other approaches may have different meanings and values, as demonstrated by 

Herlihy et al. (2013). Other types of reference conditions which Stoddard et al. (2006) discuss 

include the minimally disturbed and least disturbed definitions used in finding reference sites; 

historical condition, as demonstrated with the paleolimnological sampling approach; and best 

attainable condition, which the Technical Manual states is a goal of setting nutrient criteria. 

Stoddard et al. (2006) also discusses how these approaches, as well as best professional 

judgment, extrapolation of information from empirical models, and interpretation of ambient 

nutrients, differ and how expectations of these estimates may not be equivalent.  
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Today, 22 states have fulfilled, in part or whole, the requirement to establish numeric TN 

and TP criteria for lakes. Many states are missing criteria for TN, or calculate the permissible 

levels of TN based on the Redfield Ratio (where the molar ratio is 16 parts nitrogen for every 

one part phosphorus as the maximum acceptable limit), though they have adjusted it to 

accommodate a higher ratio of as much as 20 parts nitrogen for every one part phosphorus 

(USEPA 2014). Additionally, some states may have exclusively site specific TP and TN, and 

have only partially completed surveys of all lakes as necessary to generate site-specific criteria. 

In addition to TP and TN, some states include Secchi disk and chlorophyll-a criteria instead of, 

or in conjunction with, nutrient criteria; all four measurements are suggested by the EPA for 

criteria establishment (USEPA2000). Paleolimnological sampling is the least popular nutrient 

criteria methodology, likely due in part to its cost and time. The Herlihy et al. (2013) results also 

suggest that historical concentrations may not be protective of current lake ecosystems or 

designated uses. In this thesis, the various EPA-approved state methodologies are reviewed in 

order to demonstrate examples of methodologies and the scientifically defensible modifications 

of them that may be appropriate to use in Oregon’s statewide numeric nutrient criteria 

establishment. 

Minnesota, Nebraska, Missouri, South Carolina, and Rhode Island all adopted the 

approach that uses reference sites by ecoregion, or another regionalized approach, like outlined 

in the national criteria, with some adaptations (VWRRC 2007; USEPA 2014).  Minnesota had 

seven ecoregions, which they condensed to five for purposes of their nutrient criteria. Two 

ecoregions have fewer than 2% of the state’s lakes in them; subsequently, their complete TP and 

TN numeric criteria falls under a similar adjacent ecoregion for appropriate management by 

designated use (VWRRC 2007). Similarly, South Carolina established both TP and TN criteria 
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by three ecoregions, and Missouri has set partial TP criteria for three ecoregions and some site-

specific lakes. New Mexico opted to set partial criteria for lakes regionally based on the three 

large watershed basins that cover most of the state. Rhode Island, as a small state, has one 

ecoregion for the state and therefore one statewide partial TP criteria. New Jersey and Illinois 

also have instated one statewide partial TP criteria, though the EPA rejected those for not being 

sufficiently protective. Nebraska manages complete TP and TN criteria for lakes based on east 

and west regions, but also categorically, separating the sand hill lakes from others (USEPA 

2014). 

Two states, Arizona and West Virginia, chose to establish criteria solely categorically, 

instead of regionally. Arizona used a principle component analysis (PCA), and a categorical and 

regression tree analysis of the most prominent variables from the PCA, to categorize lakes into 

significantly different types by geology, depth, and proximity to urban land use, and manage 

primarily for designated uses (VWRRC 2007). West Virginia also chose to manage for the 

primary designated use of recreational fisheries for their reservoirs, and to manage nutrients site-

specifically for their two natural lakes. This resulted in the reservoirs getting assigned a warm or 

cold water category and numeric criteria established upon that basis, though they are managed 

primarily for chlorophyll-a, and only for TP when algaecide has been used (USEPA 2014).  

Other states pair the reference site approach with stressor-response modeling. Like 

Stoddard et al. (2006) stated, the initial use of reference condition was to maintain biological 

integrity, making viable the use of models that predict biological indices that reflect nutrient 

conditions. Wisconsin considered their completed TP criteria by first accounting for the 

sensitivity of the biological components native to the lake via an index of biological integrity 

(IBI). Next, the lakes were categorically separated into stratified versus non-stratified lakes, 
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seepage versus drainage lakes, and impoundments. These categories were shown to have 

different relationships of biological indices and nutrients (WDNR 2013). Similarly, Florida also 

used a gradient of biological indices across different bioregion reference lakes. These lakes 

corresponded to 6 TP zones and 5 TN zones, and reference lakes were chosen according to the 

least land use disturbance in each reference lake’s watershed within each zone (Bachmann et al. 

2012). The criteria were then categorized for some lakes under lake types that differed by water 

clarity and conductivity (FDEP 2012). Separate protection is given to oligotrophic lakes 

(Bachmann et al. 2012).  

Currently, the other states that have partial TP and TN criteria, and no TN criteria are 

exclusively site specific. This includes California, Colorado, Georgia, Massachusetts, Nevada, 

Oklahoma, Oregon, and Vermont, though strategies to include all lakes in TP and TN criteria are 

in development; some states, like Oregon, are currently managing nutrients by reference to 

Secchi disk and chlorophyll-a criteria (USEPA 2014). This thesis’ review of past, current, and 

future nutrient criteria development nationally, and at a state scale, has been considered in the 

design of the proposed numeric nutrient criteria developed in this thesis. 

Two important shifts were noticed with large scale (i.e., state and national level) 

management in recent nutrient policy: (1) it is becoming increasingly clear there is variability at 

the watershed, not ecoregion scale, where local natural variables need consideration and (2) in 

determining reference sites and classifications, geographic information systems (GIS) are 

becoming an increasingly more powerful tool to making whole watershed management 

approaches accessible (Bohn and Kershner 2002; Bulley et al. 2007; Garbecht and Martz 2003; 

Vaga and Herlihy 2004). Considering the spatial variability and large size of a watershed, GIS 
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and spatial statistics allow management to achieve similar, if not more accurate results, as well as 

save cost and time (Bulley et al. 2007; Garbecht and Martz 2003).  

 

Using GIS for Lake Management at a Watershed Scale 

 The watershed of a lake is directly connected to the nutrient condition of the lake as the 

processes and interactions of its hydrology with land use, land cover, and other natural 

characteristics are responsible for the overwhelming majority of nutrients in the lake (Bohn and 

Kershner 2002). This thesis places more emphasis on the lake watershed in both reference 

condition determination and lake classification than previous methodologies. The selection of 

this scale is important because it contains all nutrient sources that can contribute to the outlet 

point(s) of the lake and have implications for downstream impact and subsequent management. 

In the state nutrient management plans, the ecoregions and characteristics within the lake itself 

are valued when there is substantial evidence a lake watershed scale approach may explain 

greater variation than either the ecoregions or physical lake properties (Bohn and Kershner 2002; 

Dodds and Oakes 2004; Jones et al. 2008). An appropriate and applicable method of watershed 

evaluation for nutrient management is by using GIS to define watershed characteristics; studies 

show less than 5% discrepancy with U.S. Geological Survey (USGS) maps for watershed 

Strahler order, Shreve magnitude, the number of channel links and their lengths, the drainage 

area, and the drainage density (Garbrecht and Martz 2003).  

Consider that currently, the ecoregion a lake is assigned to is based on the centroid of the 

lake (USEPA 2000). A watershed for that lake, however, may reside in two or more ecoregions. 

Even when the vast majority of the ecoregion lies outside of that of the lake centroid, that 

ecoregion membership is not considered when creating criteria. As the EPA suggests, using the 
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ecoregion is a good preliminary measure of nutrient concentration, though there is natural 

nutrient variability within the watershed that can be obscured by nutrient ecoregions when they 

are the only explanatory factor (Rohm et al. 2002; Wickham et al. 2005).  

Ecoregion land use and land cover GIS analysis is prevalent throughout nutrient criteria 

studies. Boggess et al. (1995) used GIS to integrate anthropogenic and natural sources of 

phosphorus and study its transport through the watershed. Herlihy et al. (1998) used USGS land 

use and land cover data of the mid-Atlantic region in GIS to show the relationships the various 

categories had with nutrient content of streams. At ecoregion scale, agricultural and urban land 

cover dominated ecoregions had strong ties to nutrient concentrations, while forested ecoregions 

had weaker relationships. Similarly, a study in the state of Maryland used GIS to analyze land 

use and land cover at the watershed and several ecoregion scales. The study found predominant 

watershed land cover correlating with Omernik level II and level III ecoregions (Morgan II et al. 

2013). 

The use of GIS in determining watershed characteristics for nutrient criteria has proven 

significant in two primary ways: through drainage, and through land cover; and even at the 

watershed scale, there is still much variability. Sharpley et al. (2009) reviewed best management 

practices (BMPs) for phosphorus that show the critical source of phosphorus is lost from a small 

proportion (20%) of the watershed due to hydrologic connectivity by overland or near surface 

flow. Therefore a watershed in multiple ecoregions may not be fairly represented, where 

phosphoric rock is contributing background concentrations that are not considered. As shown in 

Bachmann et al. (2012), nutrient zones were determined separately for nitrogen and phosphorus 

that deviated from the determined nutrient ecoregions. Furthermore, Wickham et al. (2005) 

showed that watershed land cover composition within nutrient ecoregions account for six times 
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more variance in TN and three times more variance in TP than variance among nutrient 

ecoregions.  

Dodds and Oaks (2004) conducted a national study where their focus was to distinguish 

acceptable reference in impacted watersheds. Comparing land uses was a surrogate for impact, 

and through GIS, they analyzed the land uses within each watershed to the nutrient 

concentrations present in the water. They found slope and drainage area are likely to explain 

more phosphorus variation than the nutrient ecoregions or Omernik ecoregions, and therefore 

criteria is likely not protective enough in impacted ecoregions. Similarly, another study in the 

Midwest U.S. conducted with GIS showed the watershed hydrology is important in considering 

nutrient criteria for reservoirs, as drainage and land cover were significantly correlated with TP 

and TN values. Part of the GIS analysis showed a strong pattern with cropland cover, which 

amounted to an increase of median TP by four times as much as from areas without crop land, 

and as much as three times the amount of median TN (Jones et al. 2008). Jones et al. (2009) 

followed this study with another GIS analysis that correlated reference conditions with historic 

vegetation cover. 

The study most similar to this thesis is Bulley et al. (2007). In this study of Nebraska 

reservoirs, watershed size, slope, relief, and a variety of soil measurements were used in a 

watershed classification approach. This approach infers that in the absence of human impact, 

lake ecosystems evolve in response to the watershed’s biophysical and chemical processes. A 

GIS strategy was implemented to delineate the reservoir watersheds and assign mean values for 

all of the classification variables to each watershed. A nine-part classification system was then 

designated after statistical analysis from k-means clustering and implementation of a 

classification tree, with significant results. 
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Review of state nutrient criteria, in addition to the national ecoregion criteria, show 

management efforts based on different lake characteristics, such as depth or elevation, but not 

different watershed characteristics (USEPA 2014; VWRRC 2007). In this thesis, this variability 

may be quantified by a watershed’s composition of ecoregions, in addition to the consideration 

of watershed and lake characteristics in considering nutrient criteria for Oregon lakes. The 2014 

Oregon DEQ Nutrient Management Plan stated a qualitative watershed scale management 

strategy for future water body nutrient management and this thesis incorporates that strategy 

(Borok 2014). 
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Chapter 3. METHODS 

Establishing a Data Set 

 The EPA aggregated data for 331 Oregon lakes. Sources of data include reservoir 

managers, legacy STORET, the Western Lakes Survey (WLS), the National Lake Assessment 

(NLA), and the Oregon Lake Atlas. Two additional studies included TN and TP samples from 21 

reservoirs, and 35 Coast Range lakes and reservoirs, were also included (Vaga et al. 2006; Vaga 

et al. 2005). The data collected spans from 1967 to 2007 and duplicate entries reported by 

different sources were deleted. The aggregated data spans numerous agencies and individuals 

with different protocol survey methods. For consistency, this dataset only includes summer (May 

through October) epilimnion samples to establish Summer Surface Index (SSI) values for TN 

and TP. To determine a single SSI value for lakes with multiple samples, the median TN and TP 

were calculated for each summer, and then the median across all summer medians was used to be 

representative.  

This study focused exclusively on lakes greater than one hectare, which is less than the 

four hectare minimum size EPA has previously created nutrient criteria for, but prevents the 

skewing of lake classification towards small lakes when they are not a priority in consideration 

of designated uses (Hanson et al. 2007; USEPA 2000). Playa lakes, were also excluded because 

they have different physical properties that impact nutrient content (Last 1984). Lastly, large 

reservoirs formed from the Columbia and Snake Rivers were removed as they can likely be 

managed under the same criteria as the rivers from which they were derived, as their water 

residence time is very short (Yechieli and Wood 2002). This filtering left a final data set of 309 

lakes of varying size, elevation, and depth across Oregon, with all Oregon nutrient ecoregions 

represented: Western Forested Mountains, Willamette Valley, and Xeric West, and all Oregon 
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Omernik III ecoregions were also represented: Coast Range, Columbia Plateau, Willamette 

Valley, Cascades, Eastern Cascades, Blue Mountains, Snake River Plain, and Northern Basin 

and Range. These regions and sub-regions were considered in choosing reference condition and 

classification. This thesis aimed to incorporate at least 20% of sampled lakes per region. 

 

Delineating Watersheds 

 The amounts of nitrogen and phosphorous in lakes are largely a result of their watershed 

contributions prompting the need for mapping and analysis of potential natural and 

anthropogenic sources of nutrients (Bohn and Kershner 2002). All watersheds were delineated 

using ArcGIS: the Oregon Lake Atlas provided 199 delineated lake watersheds, while the 

remaining 110 were delineated for this thesis. Digital Elevation Models (DEMs) created by the 

U.S. Geological Survey, U.S. Forest Service (USFS), and the Bureau of Land Management 

(BLM), and compiled by the Oregon Geospatial Enterprise Office (OGEO), were used for 

watershed delineation. The Oregon Lake Atlas used 10-meter resolution DEMs to create flow 

direction and flow accumulation models for the geographic region around each lake. Then, one 

or more pour points (locations of the lake outlets) were selected where the lake, and therefore its 

watershed, accumulate water before flowing downstream. The Watershed tool in ArcGIS then 

compiles the flow information derived from the DEMs with the pour points to delineate the 

watershed. The remaining 110 lakes delineated for this study were created the same way, except 

30-meter DEMs were used due to long data processing times. Both resolutions have been used 

with appropriate accuracy to delineate lake watersheds previously (Bulley et al. 2007; Garbretch 

and Martz 2003).  Some lake outlets were estimated, as they were not apparent from the ArcGIS 

generated flow regime or Google Earth imagery; this may have been because they were seepage 
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lakes. All reference and classification characteristics were clipped to the extent of the delineated 

watersheds.   

 

Determining Reference Condition 

 A reference site is ideally pristine. However, all lakes are impacted by human activity to 

some degree, ranging from minimal small quantities of nitrates in precipitation to direct 

lakeshore use for industry. Some ecoregions that are particularly suitable for development or 

agriculture may not have minimally impacted lakes and determining which lakes in those regions 

are least impacted can be very difficult. According to the Technical Manual, a lake watershed 

that includes less than one percent urban development, no pollution point sources, low lakeshore 

disturbance (within 10 meters of the lakeshore), and no regulation of water level are considered 

minimally impacted (USEPA 2000b).  Regions of Oregon that are more sparsely populated than 

much of the United States  can afford to have stricter minimal disturbance standards. The Oregon 

Natural Heritage Program provided the Omernik Level III ecoregion boundary location data to 

account for the ecoregion membership of each lake.  

 

Land Cover Data: Developed and Agricultural Areas 
  
 Nutrients are often introduced from anthropogenic sources by way of runoff from 

agricultural application and impermeable urban development. Land cover is therefore an 

indication of land use and these potential sources of nutrients. The Multi-Resolution Land 

Characteristics Consortium (MRLC) released National Land Cover Data (NLCD) in 2011 that 

was used in this study. The NLCD raster layer provided a 30-meter resolution land cover for the 

entirety of Oregon. The NLCD shows the type of land cover that covers dominating percentages 
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of a 30-meter by 30-meter area and classifies it as such, though mixed land cover for some 

variables is identified as such (i.e., forest needs to cover 20% of a pixel for it to be counted as 

forest, or 75% of tree species in a pixel have to be deciduous to count as deciduous forest). The 

two generalized categories of land cover considered for the study were developed land and 

agricultural land. The developed land includes NLCD 2011 categories: Developed Open Space, 

Low Intensity Development, Medium Intensity Development, and High Intensity Development. 

The agricultural land includes NLCD 2011 categories: Pasture/Hay and Cultivated Crops. Note 

that this excludes the following NLCD category: Grassland/Herbaceous, which may be natural 

open space, but could possibly be used for grazing. They are not tilled or otherwise intensively 

managed. The sums of the total area designated as developed land categories and agricultural 

land categories were then calculated as percentages of the total watershed area. 

 
 
Watershed Road Density 
 
 Roads are anthropogenic sources of nutrient runoff; they directly contribute to erosion, 

and provide an impermeable surface for runoff from vehicles, as well as determining human 

access to an area, which can serve as a surrogate for human impact.  The U.S. Census Bureau's 

Topologically Integrated Geographic Encoding and Referencing (TIGER) Database provided a 

data layer of all roads from 2010. The 2010 TIGER line data includes primary roads, secondary 

roads, local neighborhood streets, rural roads, city streets, vehicular trails, ramps, service 

driveways, alleys, parking lot roads, and private roads for service vehicles (such as logging, oil 

fields, and ranches). Note that the type of road is not distinguished in this study and therefore 

calculated road density treats all types equally. The road density was calculated by the sum of the 



	   32	  

length of all roads, in meters, within each watershed and dividing that sum by the total watershed 

area, in square kilometers.  

 

Watershed Population Density 

 Population was considered in conjunction with land use and road density to account for 

potential anthropogenic nutrient additions that may have not been well represented otherwise. 

The 2010 Census Participant Statistical Areas Program defined census tracts to be small, 

relatively permanent divisions of a county or equal sized entity that typically ranged from 1,200 

and 8,000 people, with the ideal size having a population of approximately 4,000 people. Elected 

participants delineated most tracts, but the Census Bureau delineated tracts where no party 

elected to participate. In this study, lake watersheds accounted for population by a census tract 

data layer provided by the Census Bureau’s TIGER database. The watershed area in each census 

tract was divided by the total area of the tract, and that ratio was multiplied by the census tract 

population to estimate the number of people from that census tract who may live in the 

watershed. For watersheds that spanned multiple census tracts, these estimates were summed for 

a final total number of potential watershed residents measured in people per square kilometer. 

Due to the estimation of this method, some watersheds had improbably low population density 

estimates in areas defined with no development or roads, instead of zero.  

 
  
Concentrated Animal Feeding Operations 
 
 The EPA defines Concentrated Animal Feeding Operations (CAFOs) by their 

contribution of pollutants, like nutrients, which is typically measured in surrounding surface 

water. These are operations where animals are kept and raised in a confined space and there is a 
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congregation of animals, feed, animal waste, dead animals, and production facilities on a small 

land area that permitting authorities deem significant contributors to pollution. Areas where 

animals graze or otherwise seek food do not meet this definition and are therefore not considered 

CAFOs. The Oregon Department of Fish and Wildlife provided a point data layer of CAFO 

locations from 2004. As known sources of nutrient pollution, all watersheds with any CAFO 

within their boundaries were disqualified for reference condition consideration.  

 
 
Lakeshore Disturbance 
 
 The most direct source of nutrients to a lake is from the part of the watershed 

immediately surrounding the lake. Disturbance at the lakeshore can greatly influence the nutrient 

transport to the lake by way of runoff. The lakeshore considered in this study included 

approximately 100 meters of watershed land around each lake and was ranked for various types 

of disturbance. The analysis was completed using aerial imagery from Google Earth to survey 

the area for human impact. Then, lakeshore disturbance was measured on a qualitative presence 

scale: no disturbance received a score of “0,” low disturbance received a score of “1,” mid-

intensity disturbance received a score of “3,” and high disturbance received a score of “5” based 

on the ranking system shown in Table 4.  

 
Description Rank 
No visual evidence of disturbance 0 
Disturbance feature occurs, but 
appears to affect <10% of lakeshore  

1 

Disturbance feature affects 10 – 
25% of lakeshore 

3 

Disturbance feature affects >25% of 
lakeshore 

5 

Table 4. Descriptions of lakeshore disturbance ranks;  
descriptions derived from Herlihy et al. 2013. 
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The categories of disturbance considered were human uses of the lakeshore area for 

agriculture, commerce, logging, mining, recreation, residential, and roads, the same attributes 

and similar methodology considered for lakeshore disturbance as Herlihy et al. 2013. All 

category scores were summed together to qualify an overall disturbance score between 0 and 35 

(Table 4). Scores for reference condition varied by ecoregion. No lakes with lakeshore mining 

were included as reference sites, and only low to mid-intensity disturbance levels of logging in 

some Coast Range watersheds and a single low logging disturbance Willamette Valley watershed 

were included.   

 

 
Considering Classification Variables 
 
 The ability to classify lakes by individual natural variables rather than by ecoregion may 

allow for better establishment of nutrient criteria. A classification scheme can potentially 

determine the importance of different natural factors, outside of ecoregion alone, that can 

contribute nutrients to a lake. Classification can also account for patterns in water quality change 

over the course of a season or annual cycle that ecoregion may not (Warren 1979). Considered 

natural factors for classification were as follows: ecoregion membership; physical lake 

properties, deciduous forest land cover within the watershed; wetlands within the watershed; 

average precipitation; water residence time; and soil characteristics, which includes permeability, 

cation exchange capacity, slope, and runoff. 

 

Multiple Ecoregion Memberships 
  
 This method addresses the issue of multiple ecoregion membership by the lake 

watershed. For those with multiple memberships, the total watershed area for each lake was 
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compared to the area belonging in each ecoregion. The percentage of area belonging to each 

ecoregion was calculated using the Oregon Natural Heritage Program data layer of ecoregion 

boundaries against the delineated watershed layers. Typically, a watershed was not split between 

more than two ecoregions, with many smaller lake watersheds belonging to only one. Since the 

ecoregion accounts for soil properties, physiography, vegetation, land use, geology, and 

hydrology, a change in ecoregion classification could greatly impact results.  

 

Physical Lake Properties 

 While watersheds contribute nutrients to lakes, the ability of a lake to store or process 

nutrients also depends on its physical properties such as elevation, maximum depth, and surface 

area. These characteristics were included in the original EPA data set, with the exception of 

some missing maximum depth values. Only two reference site lakes in the Cascades were 

missing maximum depth data and therefore were omitted. The statistical classification method 

can then consider these variables in conjunction with watershed features to help explain both 

nutrient transport and processing. 

 

Precipitation and Water Residence Time 
 
 The amount of precipitation a watershed receives impacts some physical lake properties, 

like maximum depth and surface area, as well as water residence time.  Water residence time, 

also called lake retention time, is the amount of time water spends in a lake. Reservoirs typically 

have a shorter water residence time than lakes because their downstream flow is managed. In this 

study, determining the water residence time for classification was thought to potentially 

distinguish reservoir and lake management.  
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 Precipitation data was derived from the Parameter-elevation Regressions on Independent 

Slopes Model (PRISM) Climate Group at Oregon State University. The data used was the from 

the Climate PRISM raster data for average annual precipitation from years 1981 to 2010. For 

watersheds with multiple precipitation averages over different areas of the watershed, the 

percentage of the total watershed for each average annual precipitation was taken and weighted. 

All weighted averages were then summed for a more accurate estimate of precipitation across the 

watershed.  

 Precipitation was then used to find water residence time. The equation used for water 

residence time was the same as used in Herlihy et al. 2013:  

WRT =  Aws * P 
              LV 

 
WRT = Water Residence Time    Aws= Watershed Area (m2) 

   P = Precipitation (m/year)    LV = Lake Volume (m3) 
 
 The Watershed Area was calculated from the delineated watershed data layers and the 

Precipitation value was the average weighted precipitation across the watershed. The Lake 

Volume was calculated with two physical lake properties – surface area and maximum depth. A 

simplified equation for volume was used, also used in Herlihy et al. 2013 that assumed a conic 

shape of the lake: 

 
LV = 0.454(SA * MD) 

 
LV = Lake Volume (m3)   SA = Surface Area (m2)    MD = Maximum Depth (m) 

 
The Surface Area and Maximum Depth variables considered were from the physical lake 

properties portion of the study. The resultant calculation for water residence time was reported in 

years.  
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Natural Land Cover: Deciduous Forests and Wetlands 

 While considering the amount of urban development and agricultural land cover in a 

watershed helped determine reference condition, looking at the amount of certain natural land 

covers could help explain natural sources of nutrients in order to better classify the study lakes. 

Much of the Oregon mountains are covered in coniferous forests, however, in some areas, 

nitrogen-fixing deciduous species dominate and have been found to significantly increase natural 

nutrient levels in streams (Poor and McDonnell 2007). In Herlihy and Sifneos (2008) hardwoods, 

which correlate with deciduous species in this climate, significantly impacted classification 

results for TN in Pacific Northwest streams. Contrastingly, wetlands that are not dominated by 

alder act as a nutrient sink, therefore naturally decreasing the quantity of nutrients in connecting 

or even surrounding water bodies (Detenbeck et al. 1993).  

The MRLC NLCD 2011 data in 30-meter resolution was used to determine the amount of 

these natural land covers in each watershed. The deciduous forest category areas defined by the 

MRLC are dominated by trees primarily greater than 5 meters tall and those trees make up 

greater than 20% of the total vegetation cover, and 75% of all trees must be deciduous. Wetlands 

were split into two types: woody and emergent herbaceous wetlands. To qualify as a woody 

wetland, the area had forest or shrub land vegetation accounting for more than 20% of the 

vegetation and the soil or substrate needed to be periodically saturated or covered by water. 

Emergent herbaceous wetlands were areas where herbaceous vegetation accounted for more than 

80% of vegetative cover and the soil or substrate is also periodically saturated or covered by 

water. Both wetland types were considered under the wetland land cover for this study. The 

percentage of total watershed area these land types covered was calculated. The two wetland 
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category percentages were summed together for a percentage of total wetland value of the 

watershed area.  

 

Soil Characteristics 
 
 Soils are a key component in integrating the movement of water throughout a watershed. 

They determine the path of water from high elevation peaks to the outlet point of a watershed, as 

well as accounting for a large quantity of nutrients and their availability along the way. This 

study is interested in the transport and processing of nutrients in a watershed to ultimately 

determine what is the natural nutrient content of a lake.  

The four categories chosen to represent the impact of soils on nutrient content are slope, 

cation exchange capacity, permeability, and runoff as these factors address the potential 

availability and transport of nutrients in a watershed. Slope, cation exchange capacity, and 

permeability data were provided by the United States Department of Agriculture Natural 

Resources Conservation Service (USDA-NRCS) State Soil Geographic Database (STATSGO2), 

which is a generalized soil mapping database last updated in 2006. The STATSGO2 map units 

used are generalized from more detailed Soil Survey Geographic Database (SSURGO) map units 

created from field transverses and transects. Unfortunately, SSURGO detail soil maps have not 

been created for large portions of Oregon, so where this data is not available, data on geology, 

topography, vegetation, and climate were assembled with Land Remote Sensing Satellite 

(LANDSAT) images to extend probable map unit classification in the STATSGO2 data layer.  

Runoff data was provided by the National Hydrography Plus (NHD Plus) database, a 

database that integrates the National Elevation Dataset (NED) and National Watershed 
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Boundaries Dataset (NWB) from 2006. While there is a more recent, second version of NHD 

Plus, it does not yet include complete runoff data. 

 

i. Slope 

The slope variable used for classification was a categorical slope gradient value provided 

in STATSGO2 by the soil type’s associated map unit. The slope of the landscape was 

generalized into low slope and high slope gradient percentage values for each map unit. In order 

to account for slope, a single value needed to be selected to represent the average slope. High 

and low slope values for each map unit were averaged together. Steeper slopes may be indicative 

of greater nutrient transport, as water will drain to the lake outlet. However, direction of slope 

was not available for this measurement. For watersheds that spanned multiple map units each 

average was weighted across the total watershed area, then the weighted averages were summed.  

 

ii. Cation Exchange Capacity 

The cation exchange capacity (CEC) is the relative ability of soils to store cations. Clay 

and organic matter have a net negative charge, so they have a higher capacity to store cations, 

which are positively charged ions. Therefore they will also repel other negatively charged 

components, anions, such as nitrates and phosphates. Consequently, knowing the CEC can show 

the ability of the soil to store or repel the common forms of TN and TP, which can then be used 

to determine the likelihood of nutrient transport within a watershed. Like the slope values, the 

CEC values provided were a low and a high value for each map unit, measured in 

millequivalents per 100 grams of soil (meq/100g). These high and low values for each map unit 
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were also averaged together. And for watersheds that spanned multiple map units each average 

was weighted across the total watershed area, then the weighted CEC averages were summed. 

 

 iii. Permeability 

 In the context of soil surveys, permeability is the measurement of the rate at which water 

can move through the soil. This is determined by observing the rate of a column of water 

permeating the surrounding soil when saturated. STATSGO2 provides permeability in a range of 

low to high values, like the previous variables, with the unit of measurement being centimeters 

per hour. Again, the low and high values for each map unit were averaged together. Watersheds 

spanning multiple map units also had their average weighted across the total watershed area, and 

then summed together. 

 

 iv. Runoff 

 Runoff is a large part of nutrient transport. The process of water flowing over land in the 

watershed to reach the lakes allows nutrients to be effectively carried into the lakes; the more 

runoff there is the more nutrients can be transported. While soil type determines a quantity and 

availability of nutrients in a watershed, the runoff measures the transport capacity of nutrients; 

the amount of water that runs off is correlated with the amount of nutrients that may reach the 

lake.  Using the NHD Plus data, the flow lines for each watershed were determined. The bottoms 

of the flow lines were used in this data set for runoff calculation because that is where the runoff 

will ultimately collect. The data included a measurement of volume at the bottoms of the flow 

lines computed with the unit runoff method, which was then represented with a mean annual 

flow value. The mean annual flow in the data set represented the rate of runoff collected at that 
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location in cubic feet per second (cfs). The flow lines within a lake watershed may have differing 

runoff rate values, so the total flow line length for each watershed was calculated and the 

proportion of the flow line representing each runoff mean annual flow was calculated. The runoff 

rates were then weighted and summed to provide an average mean annual flow of runoff value to 

represent the watershed. 

 
 
Statistical Methodology to Determine Lake Classification 
 
 Statistical procedures were used to discriminate significantly different lake types based 

on classification variables, the aforementioned naturally occurring sources and transport 

mechanisms of nutrients considered for nutrient management. The natural nutrient components 

of the lakes and watersheds were found and given weighted average values to produce a single 

number to characterize each variable associated with each lake or lake watershed for use in this 

analysis. While not wholly representative, the weighted averages allow for a simple method of 

accounting for differences for comparison across variables and across the different lakes and 

their watersheds.  

Next, the natural log of all non-percentage reporting variables was taken to normalize the 

distribution of data, particularly in some cases where the values span multiple orders of 

magnitude, to provide appropriate p-values. Furthermore, it also helps normalize distributions for 

further analyses and achieves more meaningful plots for data visualization. For percentage of 

wetland and forest land cover, as well as percentage of ecoregion membership, where natural log 

transformation is not appropriate, a similar formula was used to achieve scaled results for better 

comparison (Fernandez 1992): 
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TV = arcsine(square root(V/100))  

 
TV = transformed value    V = initial percentage value 

 
These transformations were completed in Microsoft Excel using the formula functions for natural 

log (LN), arcsine (ARCSIN), and square root (SQRT). The data was then saved as a comma 

delimited value (.csv) file and imported into R for analysis.  

 

Ordinary Least Squares 

An ordinary least squares (OLS) analysis was performed on the transformed data set 

because it is the best linear unbiased estimator. OLS has also been used to determine physical 

lake water properties with lake productivity (Nürnberg and Shaw 1999). Assumptions of OLS 

are that there is normal distribution (accounted for with log transformation), no homoscedasticity 

(random variables with the same finite difference), or autocorrelation. This method was 

implemented because it uses a regression model to minimize differences between observed 

explanatory parameter values and the response variable by a linear approximation. By doing so, 

the regression estimates the effect of unknown parameters. The output then stated how 

significant each explanatory variable was in relation to the response variable in the context of the 

other variables provided; it also gave an estimated percentage of explained variance from the 

explanatory variables provided through an R-squared value. This information could be used to 

understand which variables are important in lake and lake watershed nutrient conditions and 

infer linear relational patterns. This analysis was performed separately for TN and TP. In order to 

justify the results of the OLS, correlation matrices were constructed to help explain correlations 

that may have confounded the results.  
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Spearman’s Rank Correlation Matrices 

 A correlation matrix is a method of displaying the correlation coefficients of all variables 

with all other variables in a pairwise manner. While transforming the data helps normalize the 

distribution of data, a Spearman’s Rank method of correlation analysis was used to determine 

highly correlated variables that could undermine one another. The Spearman’s Rank method of 

producing a correlation matrix in R ranks all explanatory variable data by their relative position 

within the range of data given for each variable. This is repeated for all variables in order to 

compare the ranks of different variables to each other in order to gauge patterns in the data, such 

as one variable rank getting larger as another variable’s rank gets smaller, even if not linear in 

nature. Correlations between explanatory variables resulting in correlation coefficients greater 

than 0.70 may be removed to improve regression results and potentially reveal previously 

obscured relationships with the response variable. Correlation matrices were produced separately 

for TP and TN. The R function for a Spearman’s Rank correlation matrix automatically ranked 

the provided data. The outputs were correlation matrices with pairwise comparisons. 

 

Principal Component Analysis 

 There were 10 variables considered for TP and 11 variables considered for TN. A 

Principal Component Analysis (PCA) was conducted to account for which variables explained 

the greatest variability and potentially narrow the breadth of variables considered. In doing so, 

PCA can determine which, if any, groupings of variables revealed in a PCA could determine an 

adequate lake classification scheme for nutrients. PCA allows all variables to be considered by 

plotting the lake (and associated lake watershed) on a multi-dimensional plot, in a data cloud. 

The principal components are then groupings of variables and the percentage of impact of each 
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variable used to justify the plotting location of each lake in relation to others. The first principal 

component grouping is based on a linear combination of variables that maximizes the variance 

between points, and therefore accounts for the greatest amount of variance. The second principal 

component accounts for as much remaining variation as possible with a constraint that it may not 

correlation with the first principal component. Each subsequent developed principal component 

thereafter must have their sum of squares add up to one, and may not correlation with any of the 

preceding components. This was conducted separately for the TN and TP data sets using the 

transformed data.  

 

Multivariate Adaptive Regression Splines  

 Much like PCA, the statistical model of multivariate adaptive regression splines, MARS, 

is used to determine what variables are most important in grouping like lakes together. While 

MARS models are typically compared to recursive partitioning methods, (such as a regression 

tree), which have hard splits for segmentation, the MARS model acts on more flexible hinges of 

relatedness to adopt groups. There are also no assumptions about the relationships between 

explanatory and response variables. However, like a regression tree, MARS may over fit data 

and requires pruning parameters. Over fitting the data means the model would interpret noise as 

meaningful to a pattern in the data, and so MARS provides potential numbers of groupings and 

relative error associated with each. The MARS model was used in conjunction with the creation 

of a regression tree (via CART analysis) to characterize potential groupings for lake 

classification. The data used was transformed and the TP and TN data sets were run separately. 

The “Earth” package in R, an open software version of MARS, was used in the implementation 
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of this model. The most meaningful output in this context is the list of variables this model 

considered important and from which it made groups.  

 

Classification and Regression Tree Analysis 

A classification and regression tree analysis (CART) is valuable in discerning groups in a 

way that allows new data to be easily sorted into one of the groups. Unlike the MARS model, it 

is a recursive partitioning method where categorical predictor variables are continuously grouped 

by a set of logical if-then conditions for classifying lakes, instead of by the more lenient MARS 

method (Bulley et al. 2007). This allows the same variable to be reconsidered at each level, or 

split, of the partitioning, which is valuable in defining unique sub-groups for classification. 

CART was used as a regression tree, not classification, for use with continuous variables. The 

regression tree approaches uses an ANOVA technique to determine between and in-group 

variation that was appropriate. Like the MARS model, the CART model has a tendency to over 

fit the data. The complexity parameter plot shows cross-validated error at various sizes of the 

initial tree and was used to prune the tree at the number of branches determined to have the 

minimum error. This corresponded to a number of nodes in the tree where the gain of 

explanation of variance was achieving categorizing classifications that had the least chance of 

misclassification, or of classifying noise variation as significant. Separate trees were created for 

TP and TN in R using the “Rpart” package.  

 

K-means Clustering 

 K-means clustering is another method used for grouping similar lakes, and cluster 

analysis can reveal patterns within ecoregions, or from trends in natural variables to reduce 
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nutrient variability in groups (USEPA 2000). This method has been used to successfully classify 

lakes for nutrient criteria development in a Nebraska study, as well as in Arizona statewide 

nutrient management (Bulley et al. 2007; VWRRC 2007). While the MARS and CART methods 

sought to use individual explanatory variables to partition lakes into groups, K-means clustering 

acts more like PCA, electing to consider varying amounts of each variable. However, K-means is 

unique in that it needs a predetermined number of groups where the lakes can subscribe. The 

method used to determine k, the optimal number of clusters, was by the Elbow Method. By 

plotting the percentage of variance explained as the function of the number of clusters, the point 

at which adding more clusters does not give significantly better explanation of variance can be 

seen as the threshold for the optimal number of clusters. Too many clusters can, again, over fit 

the data into insignificant groups.  

The clusters are then formed by choosing a random place in the data to start, called a 

random seed, and analyzing point distance from that point to all others, minimizing the within-

cluster sum of squares. Because the random seed has the data clustering begin at different points 

each time, unless a random seed is set beforehand, the k-means clustering generates different 

clusters each time it is performed. Ten iterations for the TP data set and ten iterations for the TN 

data set were run.  

To cross validate the cluster iterations, a cross-cluster validation technique was imposed 

to look for significant similarities between cluster iterations. The k-means clustering iterations 

were run in R with the default k-means code. The “flexible procedures for clustering (fpc)” 

package in R was used for the cross validation. The cluster validation statistics provided to gauge 

validity was the silhouette coefficient, which represents within cluster variation, as well as 

between cluster variation, for both individual points and for entire clusters, on a scale of zero to 
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one. The closer the coefficient value is to 1, the more significant the relationships between 

cluster iterations.  
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CHAPTER 4. RESULTS 

 The thesis objectives were met with four sets of results, as well as an additional product 

of 110 not previously delineated lake watersheds. Reference condition for each ecoregion was 

determined; the reference lakes were then subject to statistical analyses to determine effective 

nutrient classification; numeric criteria were constructed from reference lake nutrient 

concentrations in each classification; and the numeric criteria were applied to a random sample 

of lakes across Oregon to determine the status of Oregon’s lakes in respect to the proposed 

criteria. The study could not be possible without the watershed delineation, and each set of 

research results builds upon the previous set in order to meet all objectives.  

 

Data Preparation: Watershed Delineation Results 

 
Figure	  3.	  Watershed	  extents	  of	  the	  considered	  309	  lakes.	  Shades	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  of	  blue	  represent	  watershed	  basins	  and	  their	  sub-‐basins.	  	  
	  
 The original 309 lake dataset used in this study needed corresponding watersheds in order 

to be considered. Therefore 110 watersheds were delineated to bridge the gap of those that had 
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nutrient data and watershed boundary information, and those that only had nutrient data. The 

resulting watersheds were all compared with Google Earth imagery and many with existing 

USGS hydrologic unit boundaries (where applicable). Figure 3 demonstrates the resulting map 

and distribution of all 309 considered watersheds. This watershed delineation was necessary to 

the completion of this thesis, but can also be applied in future Oregon lake studies across a 

variety of watershed processes and components. 

 

Reference Condition Results 

 
Figure 4. All lakes compared with reference lakes distribution. 

 
 

 Of the 309 lakes and their watersheds from the initial data set, 98 were selected as 

reference condition by passing the criteria for each ecoregion listed in Table 5. All 98 of these 

reference lakes have TP concentration data, while only 39 have TN concentration data. Table 5 

summarizes reference characteristics by ecoregion. There were 54 Cascades, 14 Blue Mountains, 

8 Coast Range, 8 Eastern Cascades, 7 Northern Basin and Range, 5 Willamette Valley, 2 

Klamath Mountains lakes, and 1 Snake River Plain lake determined to be reference condition 
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(Figure 4). Of the three Columbia Plateau lakes, all were too impacted to be considered reference 

condition, with >10% developed and/or agricultural land use. The single Snake River Plain lake 

was not included for further analysis due to its singularity. The Blue Mountains and Cascades 

ecoregions contained the most pristine lakes for reference condition with 0% agricultural or 

developed land use in their watersheds, zero lakeshore disturbance scores, and no roads or people 

in their watersheds. The most impacted reference site lakes were in the Willamette Valley, with 

up to 3% of their watersheds containing agricultural and developed land use, as well as a 

lakeshore disturbance score up to 11. Raw data for reference lakes are available in Appendix B.  

 
Ecoregion Reference Variables and Their Criteria 
Blue Mountains Agricultural Land  0% 

Developed Land 0% 
Road Density  0 m/km2 
Population Density <5 people/km2 
CAFO 0 
Lakeshore Disturbance 0 score 

 

Cascades Agricultural Land  0% 
Developed Land 0% 
Road Density  0 m/km2 
Population Density <5 people/km2 
CAFO 0 
Lakeshore Disturbance 0 score 

 

Coast Range Agricultural Land  <1% 
Developed Land <5% 
Road Density  <2200 m/km2 
Population Density <16 people/km2 
CAFO 0 
Lakeshore Disturbance <6 score 

 

Eastern Cascades Agricultural Land  0% 
Developed Land 0% 
Road Density  <2800 m/km2 
Population Density <5 people/km2 
CAFO 0 
Lakeshore Disturbance <5 score 
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Ecoregion Reference Variables and Their Criteria 
Klamath Mountains Agricultural Land  <1% 

Developed Land <3% 
Road Density  <3000 m/km2 
Population Density <2 people/km2 
CAFO 0 
Lakeshore Disturbance <6 score 

 

Northern Basin and Range Agricultural Land  <1% 
Developed Land <1% 
Road Density  <4500 m/km2 
Population Density <1 person/km2 
CAFO 0 
Lakeshore Disturbance <4 score 

 

Willamette Valley Agricultural Land  <3% 
Developed Land <3% 
Road Density  <2200 m/km2 
Population Density <6 people/km2 
CAFO 0 
Lakeshore Disturbance <11 score 

 

Table 5. Reference conditions by ecoregion. *Population densities are approximations of population across a census 
tract based on the census tract population averaged over the watershed area of the census tract. Areas with no 
developed land use or roads are unlikely to have many permanent residents. 
 
 
 
Categorical Variable Results 

Data were available for all 98 lakes for the variables summarized in Tables 6a and 6b: 

elevation, maximum lake depth, lake surface area, watershed wetlands area, water residence 

time, precipitation, slope, cation exchange capacity, permeability, and runoff, with the exception 

of two missing maximum depth values. The lakes span a great range of variability in all 

categories. Watershed deciduous forest percentage was an 11th variable considered exclusively 

for TN. Raw categorical data for all reference lakes is available in Appendix C. 
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Variables Elevation 
(m) 

Maximum 
Depth 

(m) 

Surface 
Area 
(m2) 

Wetlands 
(%) 

Deciduous 
Forests 

(%) 

Water 
Residence 

Time 
(years) 

Minimum 8 1.20 12,141 0 0 0.110 
Maximum 8,203 98.1 17,644,920 43 3.0 123 

Range 8,195 96.9 17,632,780 43 3.0 123 
Median 4,681 6.05 66,376 0 0 4.00 
Mean 4,385 12.3 832,093 1.2 0.07 13.0 

Standard 
Deviation 

2,185 15.8 2,622,434 5.7 0.35 22.9 

95% CI 
of Mean 

±4,525 ±3.27 ±543,090 ±1.2 ±0.07 ±4.70 

 Table 6a. Summary statistics of watershed and lake categorical variables for the 98 reference sites. 

Variables Precipitation 
(in/year) 

Slope 
(%) 

Cation Exchange 
Capacity 

(meq/100 g)* 

Permeability 
(%) 

Runoff 
(cfs)** 

Minimum 9.90 4.0 0 0 0.350 
Maximum 127 80 50.0 21.0 396 

Range 117 80 50.0 21.0 396 
Median 72.7 18 0 4.00 6.57 
Mean 70.1 26 3.50 4.20 38.9 

Standard 
Deviation 

22.6 21 8.00 5.20 167 

95% CI 
of Mean 

±4.70 ±4.2 ±1.70 ±1.10 ±34.5 

Table 6b. A continuation of summary statistics of watershed categorical variables for the 98 reference  
sites.  
 
 An additional variable was the ecoregion membership of lake watersheds, which was 

considered in terms of percentage present in each ecoregion. As previously mentioned, an 

ecoregion accounts for spatially defined soil properties, physiography, vegetation, land use, 

geology, and hydrology. Of the 98 reference lakes, 9 lakes had multiple ecoregion memberships, 

and 7 of which had majority watershed membership in a different ecoregion than the lake 

centroid. This occurred only in the Eastern Cascades, Klamath Mountains, and Willamette 

Valley. For the remainder of the study the ecoregion with majority watershed area was the 

classification given to these lakes. This resulted in a final classification of: 61 Cascades, 14 Blue 
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Mountains, 8 Coast Range, 7 Northern Basin and Range, 6 Eastern Cascades lakes, 1 Klamath 

Mountains, and 1 Willamette Valley lake. This is demonstrated in Tables 7, 8, and 9. 

 
Lake Klamath Mountains Cascades TP (µg/L) TN (µg/L) 

Emigrant Lake* 85% 15% 17 496 
Lost Creek Lake 5% 95% 11 250 

Table 7. Klamath Mountains lake watershed ecoregion membership. This demonstrates a shifting membership of 
Lost Creek Lake to the Cascades. *Due to the majority ecoregion membership of Emigrant Lake, it is the only 
lake considered a Klamath Mountains lake in the study analysis. 

 
Lake Eastern Cascades Cascades TN 

Class 
TP 

(µg/L) 
TN 

(µg/L) 
Bryant Mountain 
Reservoir 

100% - Xeric 23 598 

Bumphead Reservoir 100% - Xeric 65 760 
Crow Creek Reservoir 52% 48% WFM 16 - 
Cultus Lake 1% 99% WFM 4 - 
Devil Lake  (Klamath Co.) 100% - Xeric 174 570 
Obenchain Reservoir 100% - Xeric 46 540 
Round Valley Reservoir 100% - Xeric 83 1940 
Thompson Valley Reservoir 100% - Xeric 32 440 

Table 8. Eastern Cascades lake watershed ecoregion membership. This demonstrates of shifting membership of 
possibly Crow Creek Reservoir and definitely Cultus Lake to the Cascades. TN Class shows the classification  
the lakes were eventually given. 

 
Lake Willamette 

Valley 
Cascades Coast Range TP 

(µg/L) 
TN 

(µg/L) 
Cottage Grove 
Lake 

20% 80% - 2 - 

Dorena Lake 4% 96% - 3 - 
Fall Creek Lake 6% 94% - 2 - 
Henry Hagg Lake* 65% - 35% 17 93 
Lookout Point 
Lake 

1% 99% - 3 - 

Table 9. Willamette Valley lake watershed ecoregion membership. *Due to the majority ecoregion membership 
of Henry Hagg Lake, it is the only lake considered a Willamette Valley lake in the study analysis. This 
demonstrates a shifting membership to the Cascades of most Willamette Valley lakes.  

 

Statistical Analysis Results 

 Statistical analysis was intended to determine how lakes should be classified for nutrient 

criteria establishment, and to determine what numeric nutrient criteria should be for each 

classification. In order to fulfill that objective, the relationship between lake and watershed 
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physical variables and lake nutrient concentration needed to be understood. A series of individual 

linear regressions were performed to understand the relationship between each variable and 

nutrient concentration, yielding Table 10 for variable relationships to TP concentrations, and 

Table 11 for variable relationships to TN concentrations. On their own, increases in maximum 

depth, the watershed slope and annual precipitation of the area are significantly correlated with 

decreases in TP concentrations and precipitation explaining almost half the variation (Table 10). 

Less significant are increases in the percentage of wetlands in the watershed and lake surface 

area that correlate with increases in TP concentrations, and explain very little variability (Table 

10). Similarly, increases in maximum depth, watershed slope, and annual precipitation were also 

significantly correlated with decreasing TN concentrations, and lake depth and precipitation both 

explain about one-third of the variability (Table 11). Increases in soil permeability also 

significantly correlated with decreases in TN concentrations, while increases in water residence 

time significantly correlated with increases in TN concentrations (Table 11). 

 A multiple linear regression analysis with all lake and watershed variables and ecoregion 

membership percentages determined the Northern Basin and Range ecoregion membership as 

very significant to increases in the concentration of TP with a p-value of <0.05 and Eastern 

Cascades ecoregion membership as relatively significant with a p-value of <0.06 to increases in 

TP concentration. There were no significant variables in determining TN concentrations using 

this multiple linear regression with ecoregion membership considered. A secondary multiple 

linear regression conducted considers the lake and watershed variables outside of the spatial 

constraint of ecoregion membership, shows increases in precipitation are highly significant for 

lower concentrations of TP, with a p-value of <0.001 (Table 12). For secondary multiple linear 

regression of TN, lower concentrations are correlated with increases in permeability, and are 
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very significant with a p-value of <0.05. There is a suggestively significant p-value of <0.07 for 

lower TN concentrations with increasing maximum lake depth (Table 13). Both TP and TN 

multiple linear regressions without spatial constraint via ecoregion explain about half of the 

variability as shown by the overall R2 values in Table 12 and Table 13. Spearman’s Rank 

correlation matrices revealed no highly correlated (>0.7) variables for either TP or TN.  

 
Variable Coefficient Standard 

Error 
T-test P-value Multiple R2 Adjusted R2 

Elevation -0.08425 0.10681 -0.789 0.43218 0.00644 -0.00391 
Depth -0.3325 0.1392 -2.389 0.0189 0.0561 0.04627 
Lake Surface 
Area 

0.20400 0.08381 2.434 0.0168 0.05813 0.04832 

Wetlands 2.6341 1.4006 1.881 0.063 0.03554 0.02549 
Water 
Residence 
Time 

0.04656 0.12522 0.372 0.711 0.001438 -0.008963 

Precipitation -1.7125 0.1849 -9.263 5.7e-15 0.472 0.4665 
Slope -0.8836 0.1889 -4.679 9.46e-06 0.1857 0.1772 
Cation 
Exchange 
Capacity 

0.001226 0.130758 0.009 0.993 9.154e-07 -0.01042 

Permeability -0.2422 0.1866 -1.298 0.197 0.01724 0.007006 
Runoff -0.08042 0.10738 -0.749 0.456 0.005808 -0.004548 
Table 10. Individual Regression Analyses for TP. Gray variables are significant. 
 

Variable Coefficient Standard 
Error 

T-test P-value Multiple R2 Adjusted R2 

Elevation 0.06670 0.07322 0.911 0.368 0.02193 -0.004504 
Depth -0.43784 0.09416 -4.65 4.14e-05 0.3689 0.3518 
Lake Surface 
Area 

0.03810 0.09454 0.403 0.68930 0.004369 -0.02254 

Wetlands 0.5013 0.8443 0.594 0.556 0.009438 -0.01733 
Forests -2.9370 3.7394 -0.785 0.437 0.0164 -0.01018 
Water 
Residence 
Time 

0.1990 0.1060 1.877 0.0684 0.08696 -0.06229 

Precipitation -0.5354 0.1336 -4.007 0.00029 0.3026 0.2838 
Slope -0.3470 0.1236 -2.808 0.00791 0.1757 0.1534 
Cation 
Exchange 
Capacity 

0.1375 0.1027 1.339 0.189 0.04622 0.02044 
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Permeability -0.2086 0.1190 -1.753 0.0878 0.0767 0.05175 
Runoff 0.02441 0.08090 0.302 0.765 0.002453 -0.02451 
Table 11. Individual Regression Analyses for TN. Gray variables are significant. 

Variable Coefficient Standard 
Error 

T-test P-value Multiple R2 Adjusted R2 

Elevation -0.182777 0.143234 -1.276 0.205365 - - 
Depth -0.121946 0.208005 -0.586 0.559233 - - 
Lake 
Surface 
Area 

0.089512 0.126409 0.708 0.480788 - - 

Wetlands 0.154649 1.893647 0.082 0.935101 - - 
Water 
Residence 
Time 

0.207003 0.127811 1.620 0.108980 - - 

Precipitation -1.609799 0.351768 -4.576 1.58e-05 - - 
Slope -0.007703 0.259293 -0.030 0.976368 - - 
Cation 
Exchange 
Capacity 

-0.037631 0.101826 -0.370 0.712620 - - 

Permeability -0.152145 0.204728 -0.743 0.459412 - - 
Runoff -0.059440 0.090146 -0.659 0.511418 - - 
Overall - - - - 0.5296 0.4695 
 Table 12. Multiple Regression Analysis for TP – No Ecoregion Consideration. Gray variables are significant. 
 
Variable Coefficient Standard 

Error 
T-test P-value Multiple R2 Adjusted R2 

Elevation 0.06202 0.10749 0.577 0.5688 - - 
Depth -0.36716 0.19793 -1.855 0.0746 - - 
Lake 
Surface 
Area 

0.10488 0.12908 0.813 0.4236 - - 

Wetlands 0.95713 1.29613 0.738 0.4666 - - 
Water 
Residence 
Time 

0.02755 0.10765 0.256 0.8000 - - 

Precipitation 0.12456 0.34213 0.393 0.6972 - - 
Slope -0.24815 0.21032 -1.180 0.2483 - - 
Cation 
Exchange 
Capacity 

0.12957 0.08927 1.451 0.1582 - - 

Permeability -0.33473 0.15955 -2.098 0.0454 - - 
Runoff 0.01966 0.07354 0.267 0.7912 - - 
Overall - - - - 0.5893 0.4219 
Table 13. Multiple Regression Analysis for TN – No Ecoregion Consideration. Gray variables are significant. 
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Classification Statistics 

 The PCA and MARS analyses determined which variables were most important in 

determining nutrient concentration. In PCA, the first two Principal Components explain 50% of 

the variation, with different variables contributing varying levels of rotation to the data point 

cloud and thereby influencing groupings. In MARS, the most important variables for grouping 

are determined by relatedness to nutrient concentration. Both analyses had essentially the same 

results. Variables that primarily drove Principal Component 1 and 2 axis rotations to group 

similar lakes were used to support what variables may be important in this analysis. In MARS, 

the output lists variables that were important variables for splitting data into categories based on 

the response variable nutrient concentrations. For TP, precipitation, water residence time, and 

lake surface area were found to be important for grouping data, while important variables for 

determining TN concentrations were precipitation, water residence time, and cation exchange 

capacity.  

Next, CART analyses were completed. The CART was run using the regression tree 

analysis four times; first all variables were input for TP and TN, then a secondary set of runs was 

conducted with just the variables determined important for grouping for TP and TN to determine 

if any additional variables were masking the important drivers. Both sets of results were the same 

once pruned to the minimum error. TP was split by precipitation greater than or less than 25.67” 

annual precipitation (Figure 5). TN was split by precipitation greater than or less than 19.1” 

annual precipitation (Figure 6). Both analyses grouped 100% Eastern Cascades ecoregion 

membership lakes and Northern Basin and Range lakes on one side and all others opposite, 

including Eastern Cascades lakes that had majority ecoregion membership in the Cascades. In 

the TP regression tree, lakes with majority Cascades watershed are also included with rest of 
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WFM. Those lakes did not have TN data. These precipitation driven CART results follow the 

boundaries of ecoregions and therefore ecoregions were more closely examined. 

 
Figure 5. TP Regression Tree. TP in µg/L. 

 

 
Figure 6. TN Regression Tree. TN in µg/L. 

 
To determine any other potential groupings, k-means clusters were formed during ten 

iterations for TP and TN for the optimal number of clusters, which was determined to be four 

clusters. The cluster validation technique of measuring Silhouette Width revealed scores of only 

0.25 – 0.30 for both TN and TP. The closer the Silhouette Width is to one, the more similar the 

clusters are determined to be between iterations. Therefore these clusters revealed no real 

clustering. 

 
Visualization of Classifications 

 Box plots were used to visualize the different categories determined from the CART 

analysis, as the precipitation derived regression trees followed ecoregion boundaries and 

visualizations of the differences between ecoregions were investigated. For example, though the 

TP regression tree had not distinguished Eastern Cascades from the Northern Basin and Range, 

upon visualization the Eastern Cascades lakes were recognizable as a third category, which 
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supports the result of Eastern Cascades membership percentage being relatively significant in the 

OLS multiple regression analysis for TP. This split the classification so all nutrient ecoregion 

Western Forested Mountains ecoregions and the Willamette Valley ecoregion were one category, 

except the Eastern Cascades acted as an intermediary, and the Northern Basin and Range 

(representative of the Xeric West nutrient ecoregion) as a third (Figure 7). The TN regression 

tree had created one category for the Western Forested Mountains, and another for the Eastern 

Cascades and Northern Basin and Range (Figure 8). Upon visualization, this is confirmed as an 

appropriate classification. There are no significant differences within nutrient classifications. 

 
Figure 7. A comparison of box plots of natural log phosphorus values shows three  
suggested classifications for criteria. 
 

 
Figure 8. A comparison of box plots of natural log nitrogen values shows  
two suggested classifications for criteria. 
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When considering all Omernik Level III ecoregions within WFM (excluding Eastern 

Cascades as it is it’s own category), there was no significant difference for TP between 

ecoregions (Figure 9). When analyzing all ecoregions for TN, there was no significant difference 

within the WFM or Xeric West classifications and followed the ecoregion pattern demonstrated 

by the precipitation driven TN regression tree (Figure 10). 

 

 
Figure 9. A comparison of box plots of natural log phosphorus values across WFM ecoregions.  
* Denotes regions with only one lake. 

 
 

 

Figure 10. A comparison of box plots of natural log nitrogen values across all represented ecoregions.  
* Denotes regions with only one lake. 
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Resultant Criteria 

 The criteria were developed from the modified nutrient ecoregion classifications  as the 

basis for setting TP and TN criteria and follow the reference site percentile approach. The 75th 

percentile of WFM, Eastern Cascades, and Xeric West reference lake TP concentrations were 

used to establish numeric criteria (Table 14). Similarly, the 75th percentile of WFM and Xeric 

West reference lake TN concentrations were used to create numeric criteria (Table 16). The 

resultant numeric criteria, if used with an Omernik ecoregion classification scheme, were also 

determined for comparison (Table 15 and Table 17). 

 
Proposed Region No. of Lakes Median 75th Percentile 95th Percentile 
WFM 85 5 11 32 
Eastern Cascades 6 55.5 78.5 151 
Xeric West 7 340 490 844 

     Table 14. Total Phosphorus (µg/L) Criteria by Proposed Regions 

Ecoregion No. of Lakes Median 75th Percentile 95th Percentile 
Blue Mountains 14 5 12.5 36.9 
Cascades 61 4.5 10 32 
Coast Range 8 10.5 12 27 
Eastern Cascades 6 70.5 78.5 151 
Klamath Mountains 1* 17 - - 
Northern Basin and Range 7 340 490 844 
Willamette Valley 1* 17 - - 

 Table 15. Total Phosphorus (µg/L) by Omernik Level III Ecoregion 

Proposed Region No. of Lakes Median 75th Percentile 95th Percentile 
WFM 26 245 277 478 
Xeric West 13 540 760 2055 

             Table 16. Total Nitrogen (µg/L) Criteria by Proposed Region 

Ecoregion No. of Lakes Median 75th Percentile 95th Percentile 
Blue Mountains 6 245 265 385 
Cascades 13 240 250 383 
Coast Range 5 270 280 501 
Eastern Cascades 6 584 720 1645 
Klamath Mountains 1* 496 - - 
Northern Basin and Range 7 365 1030 2062 
Willamette Valley 1* 93 - - 

 Table 17. Total Nitrogen (µg/L) by Omernik Level III Ecoregion 
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Application of Criteria: Results in Context 

The proposed criteria were applied to a random set of Oregon lakes. The random lakes 

came from two sets of data: 29 lakes were chosen at random in a 2007 National Lake 

Assessment (NLA) and 30 were from a 2012 NLA. These lakes are weighted to how many lakes 

they are projected to represent throughout Oregon from the NLA methodology. The numeric 

nutrient criteria determined from the 75th percentile was used to quantify “good” nutrient 

condition lakes, while the range from the 75th – 95th percentile of reference lakes was used to 

determine “fair” nutrient condition lakes. Any values greater than the 95th percentile of reference 

lakes were determined to be “poor” nutrient condition. This is also consistent with the NLA 

approach.  

Overall, the WFM lakes had a higher percentage of lakes in poor condition than good or 

fair for TP and better for TN, while the Xeric West experienced the opposite. The WFM 

classification of lakes for TP showed 15.7% of 2012 NLA lakes and 36.7% of 2007 NLA lakes 

being in good condition, defined as at or under 11 µg/L, whereas for TN, 68.3% of 2012 NLA 

WFM lakes and 41.5% of 2007 NLA WFM lakes were in good condition with 227 µg/L (Figure 

11 and Figure 12).  Small sample sizes of Eastern Cascades and Xeric West Lakes did not allow 

for these regions to be well represented and were therefore excluded from individual analysis. 

However, when considered part of the state scale, Figures 13 and 14 demonstrate the 2007 

results for TP and TN, and Figures 15 and 16 demonstrate the 2012 results for TP and TN. More 

lakes met the TP criteria in 2007 than 2012, while the inverse is true for TN criteria. Overall, 

most lakes meet the TN criteria, while most fail the TP criteria (Figures 15 and 16). 
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Figure 11. Percentages of 2007 and 2012 WFM lakes that fell within each numeric TP criteria 
classification. 

 

  
 Figure 12. Percentages of 2007 and 2012 WFM lakes that fell within each numeric total nitrogen criteria 
classification. 
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Figure 13. 2007 Statewide TP Condition of Lakes by Proposed Criteria 

 

 
Figure 14. 2007 Statewide TN Condition of Lakes by Proposed Criteria. 

 

37%	  

4%	  

59%	  

Good	  

Fair	  

Poor	  

40%	  

30%	  

30%	  

Good	  

Fair	  

Poor	  



	   65	  

 
Figure 15. 2012 Statewide TP Condition of Lakes by Proposed Criteria. 

 

 
Figure 16. 2012 Statewide TN Condition of Lakes by Proposed Criteria. 
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CHAPTER 5. DISCUSSION 

The intent of the research objectives and multiple sets of results unite under the goal of 

setting pertinent numeric nutrient criteria for Oregon lakes. This chapter is broken into five 

components to determine how the objectives were met; the chapter sections are: Reference 

Strategy Comparison, Classification Methods Comparison, Criteria Comparison, Implications of 

Applied Criteria, and Limitations and Sources of Error. Reference Strategy Comparison 

evaluates reference condition setting methods and outcomes, while the Classification Methods 

Comparison weighs the variety of methods used to approach categorizing lakes, both in 

comparison with similar studies. To evaluate the proposed criteria, the Criteria Comparison 

addresses criteria in the context of Oregon’s existing criteria and most recent DEQ nutrient 

management plan. The proposed criteria is also held to the suggested criteria for nutrient 

ecoregions and Omernik ecoregion results from Ambient Water Quality Criteria 

recommendations and Pacific Northwest regional studies. Next, the application of criteria to the 

random lake data set is interpreted and implications of these results are discussed. Lastly, 

insufficiencies in data, methodologies, and analysis are addressed as limitations, and potential 

sources of error are identified.  

 

Reference Strategy Comparison 

Reference Definitions 

There is a lot of debate regarding what constitutes reference condition for lakes (Stoddard 

et al. 2006). As previously stated, it is generally a minimally or least impacted lake (given a 

historical, regional, or typological condition), but what qualifies as such in a world where all 

lakes are impaired to some extent varies (USEPA 2000). Soranno et al. (2011) redefines the 



	   67	  

methods recommended by the Technical Manual of establishing reference sites, predictive 

modeling relationships, and paleolimnological sampling into more inclusive scopes: multimetric, 

multivariate, landscape context statistical modeling, and paleolimnological sampling. The 

multimetric and multivariate methods that approach reference condition from a biological 

standpoint rely on good reference site choice, a key parameter in reference condition 

discrepancies. Landscape context statistical modeling determines reference sites by assumption 

that human disturbances are primary drivers of patterns in lake response, the model is valid with 

negligible levels of disturbance, the lakes used to create the model are representative of the entire 

lake population, and in areas with no low disturbance sites for reference, prior condition is 

modeled (Sorrano et al. 2011). Hybridizations and modifications of these reference setting 

methods are often used (Soranno et al. 2011; USEPA 2000). It has also been suggested that a 

more appropriate strategy of setting reference condition in impacted areas where minimally 

disturbed lakes are unavailable, is by defining a best attainable condition, by way of a least 

disturbed set of lakes (Stoddard et al. 2006). Herlihy et al. (2013) created a screening for 

selecting reference lake sites by accounting for water chemistry, land use, and analysis of aerial 

photographs. On a national scale, this method performed best for determining least disturbed 

water chemistry, and less so for physical habitat and biological disturbance.  

The thesis determination for reference condition relies heavily on reference site choice, 

which, as demonstrated, has no clear definition. Therefore the path of determining reference sites 

in this thesis developed a modified landscape context statistical modeling approach, where 

watershed spatial statistics are applied to disturbance variables and analyzed with GIS and aerial 

photographs. The reference sites chosen subscribe to a set of parameters developed for excluding 

anthropogenic disturbances that promote nutrient addition. Therefore, this selection of reference 
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sites may not be reference when considering disturbances outside of nutrient addition. For 

example, the Dorena Lake watershed has historically been used for mining and subsequent high 

levels of Mercury impair the lake (Hygelund et al. 2001). Reference condition standards are 

determined by numerous variables, many of which were implemented in this thesis. The most 

commonly used variables for determining reference sites are land use and cover, historical data, 

water quality data, and those determined by best professional judgment (Soranno et al. 2011).  

 

Reference Variable Comparison 

The reference condition methodology used in this thesis is consistent with the Technical 

Manual, conducting reference site choice in each Omernik Level III ecoregion (USEPA 2000). 

Within each ecoregion, Herlihy et al. (2013) recommended land use evaluation and aerial 

photographs are used. Water chemistry (excluding nutrient concentrations to avoid circularity) 

was not considered in reference site choice and would have perhaps helped in more concretely 

defining this selection. In Herlihy et al. 2013, dissolved organic carbon (DOC), acid neutralizing 

capacity (ANC), SO4
2- , and Cl- were used to indicate human disturbance and help determine 

reference sites. Olson and Hawkins (2012) created a model determining baseline concentrations 

for water chemistry variables in order to better determine the natural conditions. The thesis 

reference condition determined by watershed land use disturbances of road density, population 

density, urban and agricultural land use and cover, and quantifying riparian disturbance (via 

lakeshore disturbance score) is also consistent with those variables used in Herlihy and Sifneos 

(2008) that determined numeric nutrient criteria for Pacific Northwest streams. An additional 

variable included the presence of CAFOs, recommended by the Technical Manual as known 

point sources of nutrients (USEPA 2000; Parry 1998). Other point sources of pollution were 
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likely accounted for to some degree by considering lakeshore disturbance, road density, and 

agricultural and developed land use.   

Considering land use in choosing reference sites is a common practice and important in 

determining reference condition (Dodds and Oakes; Herlihy and Sifneos 2008; Jones et al. 2008; 

Jones et al. 2009; Morgan II et al. 2013; Wickham et al. 2005; Wise and Johnson et al. 2011). In 

the Pacific Northwest, a study of surface water nutrient conditions determined urban developed 

land use in Portland, Oregon was found to be the largest contributor of TP and TN in its 

Hydrologic Unit Code 8 (HUC 8) watershed basin. The same study found animal manure and 

agricultural fertilizers were the largest sources of both TP and TN in some Pacific Northwest 

HUC 8 watershed basins (Wise and Johnson 2011).  

There has been no unifying reference site approach for Pacific Northwest water bodies. 

Using alternative approaches may alter the definition of a reference site and subsequently include 

or discount sites that ultimately influence the numeric criteria set. For example, a study of Pacific 

Northwest lakes and reservoirs conducted a GIS inventory of known water bodies and used 

historical water quality data to determine reference condition (Vaga and Herlihy 2004). A study 

of only Pacific Northwest reservoirs was also conducted, and as artificial systems, traditional 

reference site selection is problematic. A range determined in Vaga and Herlihy (2004) of 

median to 75th percentile of TP deemed adequate for reference determination was used to set 

reference criteria by categories of reservoir (Vaga et al. 2006). Another study of only Coast 

Range lakes was conducted using expert opinion to determine reference sites (Vaga et al. 2005). 

While these studies have overlapping ranges with this Oregon statewide thesis, reference sites 

vary between studies and ultimately impact the numeric criteria proposed. This non-uniformity 

between reference sites and scale of data sets, from a single ecoregion to the entirety of the 
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Pacific Northwest, makes accuracy and variability difficult to assess. Furthermore, there is not an 

identified “best” approach in any context, as all are allowable by the Technical Manual for 

nutrient criteria establishment (USEPA 2000).  

 

Classification Comparison 

Nutrient and Omernik Level III Ecoregions 

 While the reference site approaches vary by definition of reference and by study 

objectives, there are much greater consistencies between these regional studies and the 

classifications proposed in this thesis. While the CART TP and TN trees were determined by 

precipitation, the connection between the CART precipitation “split” and ecoregions is evident 

and these results are consistent with other literature. For example, Vaga and Herlihy (2004) also 

showed ecoregions were significant for both streams and lakes in the Pacific Northwest. 

Moreover, the Vaga and Herlihy (2004) study showed different classifications of lakes for TN 

and TP, which is inconsistent with the Technical Manual, but well represented in other state 

management and studies, and also shown in classification resulting from this thesis (Figures 17 

and 18) (Bachmann et al. 2012; FDEP 2012; USEPA 2000; USEPA 2014). Within the Level III 

ecoregion classifications, Vaga and Herlihy (2004) found that the Northern Basin and Range is 

the highest of Oregon ecoregions in both TN and TP, which is the same as in the thesis 

classification findings. Similarly Vaga et al. (2006) found the Xeric West nutrient ecoregion to 

have the highest TP, again consistent with thesis findings. Vaga et al. (2006) also found the 

Eastern Cascades ecoregion reservoirs to be more similar to the Xeric West than WFM 

reservoirs, and speculated its separation due to precipitation or geology. The thesis derived 

classifications found from the regression tree analysis that separated lakes by precipitation make 
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a strong case for a precipitation driven similarity along the boundaries of ecoregions (Figures 17 

and 18). Vaga et al. (2006) also conducted a PCA and cluster analysis of WFM reservoirs, and 

revealed no significant differences between their nutrient concentrations; this thesis implemented 

the same methodology for WFM lakes and reservoirs and achieved the same result.  

 

 
  Figure 17. Regions for Proposed TP Criteria.  

 

 
Figure 18. Regions for Proposed TN Criteria. 



	   72	  

 
While not identical findings, there are additional similarities with thesis-proposed 

classifications and other Pacific Northwest nutrient classifications also based on ecoregions. The 

thesis-proposed classification maintained the Xeric West classification as outlined in the 

traditional nutrient ecoregions, whereas Vaga and Herlihy (2004) maintained two of three 

ecoregions within the Xeric West, splitting out the Columbia Plateau. For TN in Vaga and 

Herlihy (2004), all ecoregions are combined except Northern Basin and Range and Snake River 

Plain, and with the exception of the Columbia Plateau, this is the thesis-proposed classification, 

as well (Figure 14).  

Nutrient classification is an imprecise science, and because different data sets were used, 

the thesis-proposed classifications and study-supported classifications had some differences. In 

Vaga and Herlihy (2004), the Willamette Valley is grouped with the Columbia Plateau and 

Eastern Cascades in the same trophic group, whereas the Willamette Valley was included in the 

thesis-proposed WFM classification. Vaga et al. (2006) determined Pacific Northwest reservoirs 

in the WFM and Xeric West ecoregions have no significant difference in TN concentrations 

when the thesis-proposed classification of both lakes and reservoirs determined a significant 

difference between the nutrient ecoregions. The Xeric West reservoirs were also developed into 

three categories, and Vaga et al. (2006) determined they were not spatially constrained, and 

therefore not associated with ecoregions; instead these categories were determined largely by TP 

correlations with geology and soil type. While geology and soil type are considerations of 

ecoregion, the ecoregion scale (used in this thesis) may be too broad of a scale to capture 

localized variability. Vaga et al. (2005) developed seven classifications and subsequent nutrient 

criteria in just the Coast Range, determining Omernik Level III ecoregions were not sufficient to 

address variation within ecoregions; Omernik Level IV ecoregions were also not associated with 
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the nutrient concentrations for the seven classifications, which were determined with physical 

classification variables by expert opinion. In contrast, aside from precipitation that correlated 

with ecoregion divides in regression tree analysis, the physical watershed and lake variables used 

in this analysis were insignificant for both TP and TN classification purposes. 

 

Classification by Other Variables 

 Only when the physical watershed and lake variables were considered without ecoregion 

membership in this thesis was the significance of classification variables demonstrated. While 

precipitation was the only significant variable for TP, and was ultimately the only factor in both 

TP and TN regression trees, soil permeability was highly significant, and maximum lake depth 

suggestively significant for TN. This suggests under different conditions, whether in data set, or 

reference site selection, thesis-proposed TN classification may have been influenced by soil 

permeability, and potentially lake depth.  

The relative significance of these physical variables may be understated. Precipitation 

may be an obvious variable in considering nutrient addition, especially phosphorus, as it is 

typically transported with runoff; phosphorus has a high correlation to sediment loads due to its 

ability to bond to fine-grain sediments (Nash et al. 2008). TP as a result of geologic weathering 

is an important regional variable as a phosphorus source that impacts Pacific Northwest surface 

water nutrient condition (Wise and Johnson 2011). Precipitation may act as a surrogate variable 

in accounting for transport capacity of weathered sediments.  

No Oregon or other Pacific Northwest lake studies have included soil permeability as a 

classification variable; however, a synthesis of fourteen riparian zone studies created by the EPA 

determined higher soil permeability in these areas correlated with less nitrogen in water systems 
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due to an increase in denitrification (Mayer et al. 2005). An additional study in Ohio of the Little 

Miami River watershed supports this. The Little Miami River watershed has two geologically 

distinct regions, where one has three times greater soil permeability. When nitrate nitrogen 

concentrations were compared across the two geologic regions, there was ten times less in the 

more permeable portion (Daniel et al. 2010). These studies support the thesis findings that lakes 

with more permeable soils in their watersheds have lower concentrations of TN. In contrast, a 

study conducted by the United States Geologic Survey (USGS) found when soil permeability 

was included in a Spatial Referenced Regressions on Watershed Attributes (SPARROW) model 

for northeast streams,  increases in permeability were the only significant variable correlated 

with higher levels of TN in streams (Moore et al. 2004). This study argues high soil permeability 

can indicate greater percolation to ground water, which can then transport nitrates through the 

watershed (Moore et al. 2004). Therefore, this thesis may suggest that nitrogen loss via 

denitrification is more common than TN transport in groundwater to lakes in the lakes studied.  

The lake depth relationship to TN concentration is due to nutrient processing or even 

dilution, with lake depth having an inverse relationship with TN (Bachmann 1980). The Vaga et 

al. (2005) study of Coast Range lakes separated shallow and deep lakes within a kilometer to the 

coast into two classifications. Lake depth is also used in state nutrient criteria classifications for 

Minnesota and Arizona in conjunction with other variables (VWRRC 2007). The significant 

relationships previously determined between lake depth and nitrogen concentration and the use 

of lake depth for nutrient management, suggest there is a more significant relationship than 

determined in this thesis.  
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Criteria Comparison  

Existing Criteria 

 A comparison is useful in determining how the proposed TP and TN criteria could 

interact with existing state policies. The two statewide criteria in Oregon for chlorophyll-a, 

dependent on whether or not a lake is thermally stratifying, are 0.10 mg/L and 0.15 mg/L. The 

relationship between increasing chlorophyll-a and increasing nutrients documented as TP and 

TN is strongly supported (Carleton et al. 2009; Freeman et al. 2009; Huo et al. 2004). However, 

there are a variety of factors and influences that impact to what extent the chlorophyll-a is 

increased in response to increases in nutrients. Results have shown relationships between 

chlorophyll-a and nutrients exclusively governed by TP or exclusively governed by TN, but 

more commonly there is a correlation of chlorophyll-a to particular ratios of TN:TP in lakes 

(Smith 1982). This ratio is developed from a common trend of phytoplankton preferring the 

nitrogen to phosphorus ratio of 16:1 or higher in many systems and has therefore been 

incorporated into some state nutrient criteria (USEPA 2014). Yet, there is wide variation 

observed in TN:TP ratios with algal biomass in lakes, and a study has suggested that the ratio of 

TN:TP demonstrated to increase algal biomass may be a result of local species shifts due to 

varying nutrient ratio preferences (Smith 1982). Additionally, algal biomass is impacted by pH, 

light, and dissolved oxygen, potentially masking the impact of nutrients on algal biomass (Ice 

and Binkley 2003). It is worth noting as well that TP is different from algal available P (e.g., 

soluble reactive P, or orthophosphate) , which further increases the complexity of the 

relationship between measured TP and chlorophyll-a response (Ice and Binkley 2003; Smith 

1982). Therefore, whether the proposed TN and TP criteria will be protective of established 

chlorophyll-a criteria is inconclusive, though assumed it will be protective to some degree.  
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  Table 3 shows Oregon’s current site-specific TP criteria. Clear Lake and Garrison Lake 

are managed for TP in pounds per year, which is a nutrient loading criteria, versus concentration 

criteria, and are not comparable to the recommended epilimnion summer surface sample in 

micrograms per liter used as the EPA and DEQ standard. As stated in Table 3, The City of 

Tualatin manages for 40 – 110 µg/L TP and Yamhill County manages for 50 – 70 µg/L TP in 

lakes. The proposed criteria incorporates the Willamette Valley into the Western Forested 

Mountains, therefore establishing the criteria as 11 µg/L, which is a much more restrictive 

criterion. Upper Klamath Lake has a current standard of 110 µg/L annual average. The Upper 

Klamath Lake watershed is 87% in the Eastern Cascades ecoregion, which has a TP criterion of 

78.5 µg/L. This criterion is also more restrictive than the current criteria, though the current 

criteria was developed for an annual average versus a seasonal summer mean. Upper Klamath 

Lake also has a specific spring (March – May) criteria of only 30 µg/L and annual average 

inflow restriction of 66 µg/L, which are more restrictive than the proposed criteria. 

Unfortunately, there is no summer surface sample criterion for criteria comparison for Upper 

Klamath Lake. The TP criterion of 78.5 µg/L TP for Upper Klamath Lake is suggestively 

adequate due to its place in the range of current regulation. Tenmile Lake, located in the Coast 

Range ecoregion, also has a site-specific TP criterion of 7.1 µg/L , which is a stricter criterion 

than the proposed WFM criterion of 11 µg/L. In this instance site-specific management of 

Tenmile Lake is more appropriate.  

 While the Oregon DEQ nutrient management plan has no numeric criteria, this thesis 

subscribes to qualitative nutrient management strategies that the plan proposes. Borok (2014) 

illustrated a need to manage on a watershed, not water body, scale. This coincides with the 

strategy implemented in this thesis, as well as the thesis-proposed strategy to manage lakes by 
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the majority ecoregion membership of their watersheds. The nutrient management plan also 

addresses CAFOs in prohibiting discharge from these facilities to waterways, including in 

stormwater runoff (Borok 2014). This thesis supports the idea that watersheds with CAFOs 

cannot maintain natural nutrient condition. The thesis also ultimately strives to achieve the same 

goal as DEQ by creating management strategies and criteria for protecting designated uses of 

lakes from nutrient impairment (Borok 2014).  

 

Suggested Criteria 

 The Ambient Water Quality Recommendations (AWQR) shown in Table 4 were 

suggested for use by states in criteria development in 2000. In Table 18, the AWQR for nutrient 

ecoregions are compared with the thesis-proposed classification suggested criteria. It is important 

to consider that unlike the proposed thesis classification, the AWQR WFM ecoregion does not 

contain the Willamette Valley and does include the Eastern Cascades ecoregion, whereas the 

thesis-proposed classifications separate Eastern Cascades ecoregion into its own category for TP 

and placed it under Xeric West for TN.       

  The AWQR nutrient criteria use the 25th percentile of all lakes, while the proposed thesis 

criteria uses the 75th percentile of reference lakes. The Technical Manual describes the 25th 

percentile of all lakes and 75th percentile of reference lakes as near equivalents, though numerous 

studies have rejected that notion, including those conducted on Pacific Northwest lakes 

specifically (Dodds and Oakes 2004; Herlihy and Sifneos 2008; Vaga and Herlihy 2004). The 

conclusion drawn from the compared AWQR and thesis-proposed WFM criteria (where the 

thesis-proposed criteria are less restrictive than the AWQR), is that it is likely more than 25% of 

all lakes are reference condition and therefore the 25th percentile of all lakes is too restrictive and 
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is not representative of natural condition. However, a secondary consideration is that the 

population of lakes considered in the thesis-proposed criteria is much smaller and therefore not 

as representative, so it is difficult to definitively say. The Xeric West criteria for both TP and TN 

are very different, with a much smaller population as well. Unlike the WFM criteria that are 

relatively close to each other, the discrepancy suggests that Xeric West lakes have more natural 

variability, or violations of reference criteria that is unaccounted for in one or both of the criteria. 

 
Lake Classification Criteria 

Sample Size of 
Lakes 

TP (µg/L) TN (µg/L) 

Thesis-Proposed Criteria – WFM  TP: 85 
TN: 26 

11 277 

Ambient Water Quality Recommendations 
– WFM (2000) 

TP: 296  
TN: 45 

8.75 100 / 180* 

Thesis-Proposed Criteria – Eastern 
Cascades  

TP: 6 
TN: 6 

78.5 - 

Thesis-Proposed Criteria – Xeric West TP: 7 
TN: 7 

490 760 

Ambient Water Quality Recommendations 
– Xeric West (2000) 

TP: 170 
TN: 26  

17 400 / 310* 

Table 18. Table of Criteria Comparison. Eastern Cascades included in Ambient Water Quality 
Recommendations for WFM. *calculated TN based on anticipated TN:TP ratio. 

 
The Vagas and Herlihy study from 2004 determined groupings of Pacific Northwest lakes 

by trophic groups that correspond closely to the nutrient ecoregions (Table 19), as well as by 

Omernik ecoregions (Table 20). The four trophic groups, three of which are in Oregon, are 

aggregates of Omernik ecoregions that are more similar in historical water quality data to each 

other than to other ecoregions, therefore suggesting similar natural nutrient conditions for 

reference condition. The 75th percentile of reference lakes was also taken for the Vaga and 

Herlihy (2004) study. Note that these criteria include input from lakes in portions of the various 

ecoregions outside of Oregon and may not be reflective of the specific condition in Oregon 

alone. However, using modified ecoregions as a base classification for this thesis, it is assumed 
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that commonality in ecoregion is sufficient to offset the differences in location. The criteria 

determined by Vaga and Herlihy (2004) via trophic level are stricter in WFM ecoregions in both 

TP and TN than the thesis-proposed criteria. The criteria for the Eastern Cascades, however, are 

stronger for both, but particularly for TN. The Xeric West TP criterion is more restrictive for TP, 

and much less so for TN criterion. The Klamath Mountain lakes were not included in the Vaga 

and Herlihy (2004) study.  

 
Trophic Group Criteria Sample 

Size of Lakes 
TP (µg/L) TN (µg/L) 

II 
Blue Mountains, Cascades, 
Coast Range 
(Inc. Northern Rockies) 

TP: 320 (368) 
TN: 142 (181) 
 

24.1 521 

III 
Columbia Plateau, Eastern 
Cascades, Willamette Valley 
(Inc. Puget Lowlands and Middle 
Rockies) 

TP: 77 (287) 
TN: 32 (140) 

48 140.1 

IV 
Northern Basin and Range 
Snake River Plain 

TP: 28 
TN: 13 

161.7 1687 

Table 19. Trophic Groups established by Vaga and Herlihy (2004) similar to nutrient ecoregions  
and their criteria. Parentheses indicate actual sample size including out of state ecoregions.  
Note all samples for ecoregions are aggregate for Idaho, Oregon, and Washington. 

 
The nutrient criteria for Omernik Level III ecoregions suggested in AWQR, the Vaga and 

Herlihy (2004) Pacific Northwest lake and reservoir study, and this Oregon-specific thesis are 

also compared and displayed in Table 16. While management by nutrient ecoregion, trophic 

group, and thesis-proposed classification implies that management by Level III ecoregion is not 

necessary because of nutrient similarities between ecoregions, the comparison of these 

aggregates versus a finer spatial scale analysis illustrates the problem with generalization in 

aggregating lake populations from different regions. In fact, despite similarities between 
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ecoregions, the recommendation of Vaga and Herlihy (2004) is to manage by Omernik Level III 

ecoregion instead of trophic group due to within group variability.  

The Blue Mountains perform differently between the three criteria for both TP and TN. 

The thesis-proposed TP is the strictest criteria. The Vaga and Herlihy (2004) study had the 

greatest population of reference lakes to determine TP concentrations, and therefore may be the 

most representative of natural variation. The Blue Mountains TN is most restrictive for the 

calculated AWQR criteria, and the thesis-proposed TN is similar. The Cascades and Coast Range 

ecoregions perform similarly between criteria for both TP and TN. The Eastern Cascades 

perform similarly between AWQR and thesis-proposed criteria, but the largest reference 

population and strictest criteria come from Vaga and Herlihy (2004). The Northern Basin and 

Range criteria vary with the AWQR being the most restrictive. The thesis-proposed and Vaga 

and Herlihy (2004) criteria were more similar, though the thesis-proposed criteria was higher 

than Vaga and Herlihy (2004) criteria for TP and lower for TN. The other ecoregions did not 

have lake populations sampled or enough reference sites to support creation of nutrient criteria. 

There is no clear pattern of which criteria method is the strictest or weakest, as it varies between 

methods and regions.  

 
Ecoregion No. of 

Lakes 
TP (µg/L) TN (µg/L) 

Thesis-Proposed –  
Blue Mountains 

TP: 14 
TN: 6 

12.5 265 

Ambient Water Quality 
Recommendations – Blue 
Mountains (2000) 

TP: 5 
TN: N/A 

85.8 180* 

Blue Mountains – (Vaga and 
Herlihy 2004) 

TP: 26 
TN: 9 

33 630 
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Ecoregion No. of 
Lakes 

TP (µg/L) TN (µg/L) 

Thesis-Proposed – Cascades TP: 61 
TN: 13 

10 250 

Ambient Water Quality 
Recommendations – Cascades 
(2000) 

TP: 74 
TN: 15 

6.25 0 / 120* 

Cascades – (Vaga and Herlihy 
2004) 

TP: 235 
TN: 85 

25 397 

Thesis-Proposed –  
Coast Range 

TP: 8 
TN: 5 

12 280 

Ambient Water Quality 
Recommendations – Coast 
Range (2000) 

TP:14 
TN: 1z 

7.10 190 / 130* 

Coast Range – (Vaga and 
Herlihy 2004)  

TP: 59 
TN: 48 

28 462 

Thesis-Proposed –  
Columbia Plateau 

TP: - 
TN: - 

- - 

Ambient Water Quality 
Recommendations – 
Columbia Plateau (2000) 

TP: 17 
TN: 3 

35 360 / 720* 

Columbia Plateau – (Vaga and 
Herlihy 2004) 

TP: 55 
TN: 20 

68 1337 

Thesis-Proposed –  
Eastern Cascades 

TP: 6 
TN: 6 

78.5 760 

Ambient Water Quality 
Recommendations – Eastern 
Cascades (2000) 

TP: 6 
TN: NA 

68.6 1160* 

Eastern Cascades – (Vaga and 
Herlihy 2004) 

TP: 14 
TN: 7 

32 2257 

Thesis-Proposed –  
Klamath Mountains 

TP: 1 
TN: 1 

- - 

Ambient Water Quality 
Recommendations – Klamath 
Mountains (2000) 

TP: 3z 
TN: - 

40zz - 

Klamath Mountains – (Vaga 
and Herlihy 2004) 

TP: - 
TN: - 

- - 

Thesis-Proposed –  
Northern Basin and Range 

TP: 7 
TN: 7 

490 1030 

Ambient Water Quality 
Recommendations – Northern 
Basin and Range (2000) 

TP: 7 
TN: N/A 

86 170* 

Northern Basin and Range – 
(Vaga and Herlihy 2004) 

TP: 15 
TN: 9 

206 2111 
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Ecoregion No. of 
Lakes 

TP (µg/L) TN (µg/L) 

Thesis-Proposed –  
Snake River Plain 

TP: - 
TN: - 

- - 

Ambient Water Quality 
Recommendations – Snake 
River Plain (2000) 

TP: 18 
TN: N/A 

20 144* 

Snake River Plain – (Vaga 
and Herlihy 2004) 

TP: 13 
TN: 4 

137 739 

Thesis-Proposed –  
Willamette Valley 

TP: 1 
TN: 1 

- - 

Ambient Water Quality 
Recommendations – 
Willamette Valley (2000) 

TP: - 
TN: - 

- - 

Willamette Valley – (Vaga 
and Herlihy 2004) 

TP: 8 
TN: 5 

142.7 1201 

Table 20. Omernik Level III ecoregion suggested criteria comparison. *calculated TN based on anticipated 
TN:TP ratio. – indicates too little information for criteria establishment. 

 

Alternatives to Thesis-Proposed Criteria in Oregon 

 While the Technical Manual (USEPA 2000) and Vaga and Herlihy (2004) study coincide 

in numerous ways with the thesis-proposed criteria, the thesis-proposed numeric criteria differ 

somewhat from other regional studies. Subsequently, two additional studies are discussed that 

have defined alternate criteria for subsets of Oregon’s lakes. The Vaga et al. (2006) Pacific 

Northwest reservoir nutrient criteria study suggests a different set of criteria for reservoirs. The 

study supports reservoir separation from natural lakes and compared 48 reservoirs within the 

WFM and the Xeric West  ecoregions (24 in each), concluding homogenous criteria for WFM 

reservoirs, but three categories for Xeric West reservoirs. The numeric nutrient criteria were 33, 

238, and 686 µg/L TP and 399, 578, and 1930 µg/L TN for the three categories of the Xeric 

West which were dependent on characteristics of ion strength, transparency, absorbance, 

turbidity, and chlorophyll (Vaga et al. 2006). The thesis-proposed criteria of 490 µg/L TP and 

760 µg/L TN developed for the entire Xeric West may be too restrictive to adequately represent 
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natural nutrient variation for one category, and not protective enough for the remaining 

categories. Vaga et al. (2005) developed seven numeric criteria for Pacific Northwest Coast 

Range lakes. Expert opinion found seven distinguishable lake types within the Coast Range 

Omernik Level III ecoregion that extends from Oregon into Washington. Of 353 identified Coast 

Range lakes, the study uses 57 reference condition lakes to represent the typology: dystrophic 

lakes, shallow coastal lakes, deep coastal lakes, seawater intrusion lakes, forested lakes, log 

ponds, and unique lakes. The 75th percentile given for the seven categories span lakes with 11.3 – 

159.3 µg/L TP and 140 – 940 µg/L TN, though some categories have overlapping nutrient ranges 

in between (Vaga et al. 2005). The thesis-proposed criteria groups the Coast Range lakes with 

WFM, creating criteria of 11 µg/L TP and 277 µg/L TN for all lakes. This does not appear to be 

representative for the different lake types. Additionally, the study suggests that TN criteria may 

not be necessary if there are no downstream impacts to consider due to the TP:TN ratio (Vaga et 

al. 2005).  

 On the scale of the conterminous United States, and in streams, as opposed to lakes, there 

is some evidence that may be extrapolated to reject the thesis-proposed criteria. Dodds and 

Oakes (2004) determined that reference conditions stated as being above 60 µg/L TP or 600 

µg/L TN are suspect for actually being minimally disturbed or least disturbed water bodies. In 

this thesis, many reference condition lakes in the Eastern Cascades and Northern Basin and 

Range exceeded one or both of those limitations. Moreover, Dodds and Oakes (2004) state that 

an IBI must be performed in development of nutrient criteria to serve its purpose, whereas these 

thesis nutrient criteria did not. Lastly, Dodds and Oakes (2004) found Omernik Level III 

ecoregions insignificant for conterminous U.S. streams numeric nutrient criteria establishment. 

Smith et al. (2003) similarly determined nutrient ecoregions were insignificant for conterminous 
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U.S. streams numeric nutrient criteria establishment. The inclusion of these opposing studies 

demonstrates the variability of nutrient criteria at a larger scale, as well as between water bodies. 

This supports the need for more regional and state numeric nutrient criteria development, as this 

thesis fulfills.  

 

Interpretations of Applied Criteria 

The use of NLA lakes from both 2007 and 2012 yielded unexpected patterns of response 

when held against the thesis-proposed numeric nutrient criteria for both TP and TN 

concentrations. The WFM lakes showed an inverse of results:  there were fewer lakes in good TP 

condition over time, under 11 µg/L TP, while the number of lakes in good TN condition, under 

227 µg/L TN, increased over time. The WFM and Statewide application of criteria are 

demonstrated in graphs for 2007 and 2012 in Figures 9 through 14.  

When these results are compared with other numeric nutrient criteria, different patterns 

emerge. Application of the AWQR criteria, which are more restrictive for WFM TP, results in 

the same downward shift of WFM lakes struggling to meet good condition over time. However, 

when the Vaga and Herlihy (2004) criteria for Trophic Group II (which includes most of the 

WFM) of 24.1 µg/L is applied, there’s an 18% increase in lakes meeting good condition criteria 

from 2007 - 2012. This suggests that while the majority of lakes are increasing in TP, some are 

actually declining, as well. The AWQR criteria applied show the same decline in WFM lakes 

meeting good criteria for TN, which contrasts with both the thesis-proposed and Vaga and 

Herlihy (2004) criteria application that show increase. This could be due to some very low 

nutrient lakes gaining a small quantity of TN that increases it above the 100 µg/L AWQR TN 
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criteria, but remain below the 277 µg/L TN thesis-proposed criteria. Statewide results also 

support the trend that lake nutrient concentrations are moving to the middle. 

Martin et al. (2011) considers land use change over time with current nutrient conditions. 

Many water quality variables have legacy effects, where water quality condition is impacted over 

time from past condition. Phosphorus has a long legacy effect, and nitrogen just an intermediate 

legacy effect. The phosphorus legacy effect occurs through the deposition and internal recycling 

of abiotic and biotic phosphorus (primarily stored in lake sediment) and is impacted by 

ecosystem functions such as water residence time, depth, and primary productivity. Nitrogen is 

highly mobile and readily dissolved, and is therefore often transported because of groundwater. 

The differences in nitrogen and phosphorus legacy effects can indicate the extent of overland 

flow versus groundwater connectivity (Martin et al. 2011). A study of six Cascades lakes from 

1985 – 2009 demonstrates significant increases in TP, despite other water quality variables such 

as anions, cations, dissolved oxygen, and pH remaining the same (Logan 2010). This suggests 

there is an unaccounted for natural or anthropogenic variable increasing TP with time, such as 

the result of a legacy effect. Another interpretation is that this may reflect the natural variation 

that occurs seasonally, as there are likely some nutrient fluctuations between May and October 

when the sampling occurs. The Cascades classification of the mostly undisturbed H.J. Andrews 

Forest demonstrates its 30 year average TP concentration exceeding the AWQR reference 

condition by five times, which also suggests pockets of natural geologic phosphorus that may 

increase with weathering over time  (Ice and Binkley 2003). Additionally, the data used to create 

criteria may not have the same representation of lakes that the weighted lake values determine 

for different classifications.   There are a number of unknowns regarding the interpretation of the 
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applied criteria and without further research, there is only speculative explanation. The 

limitations of the thesis scope and potential error likely contribute to this uncertainty. 

 

Limitations of Research and Sources of Error  

 In an ideal situation, lake sampling for numeric nutrient criteria development would be 

exhaustive, completely random, regionally representative, and spatially consistent, both within 

and between ecoregions (Rohm et al. 2002). If that were the case, all sampling protocol and 

procedures would be conducted by one organization, the temporal variability between samples 

would be minimized, and all TN and TP concentration measurements could be accounted for 

over time, instead of condensed into a single average. While the aggregated dataset was 

controlled to some extent for consistency in sampling and reporting (see Chapter 3 Methods), 

there is likely some human or equipment error in the processing of the thesis data set. 

 The limitations of research and sources of error are cumulative in scientific studies. In 

addition to inconsistencies in aggregating data types and sources, assumptions are made that 

simplify variable choice, provide discrete categorization, and allow for statistical modeling. 

These assumptions subsequently contribute to varying interpretations of resultant output. A few 

categories that encompass the most prominent sources of error and limitation in this thesis are 

lake sample size and distribution, omitted variables, GIS data and analysis methods, and bias of 

percentile derived criteria. 

 

Sample Size and Distribution 

The National Hydrography Dataset (NHD) classified 3,193 water bodies in Oregon as 

being potential lakes or ponds. The initial data set of 331 lakes therefore represented more than 
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10% of the state’s lakes. Without the inclusion of playa lakes or Columbia River or Snake River 

reservoirs, the sample size decreased to 309 lakes. While still representing about 10% of Oregon 

lakes, there were now two ecoregions completely unrepresented, the Columbia Plateau and 

Snake River Plain.  Furthermore, after reference site selection, the lake population size decreased 

to 98 lakes with TP data, and just 39 with TN data. This decreased the overall variability of lake 

and watershed type and size, as well as spatial distribution of lakes. Larger watersheds and lakes, 

lakes in developed and agricultural regions, and lakes in regions with few lakes tended to have 

fewer reference sites.  

There were fewer than ten reference lakes for all ecoregions except the Blue Mountains 

and Cascades. While this was somewhat proportionally representative to the number of lakes in 

each region, for statistical purposes a larger sample would have increased representation of 

nutrient concentration variability and more strongly supported the various classification 

variables. Additionally, once the watershed ecoregion majority membership was used in analysis, 

numerous lakes were assigned new ecoregions. This left one lake for the Klamath Mountains 

ecoregion, and one lake for the Willamette Valley ecoregion, and it decreased the number of 

Eastern Cascades lakes from eight to six. All lakes were reassigned to the Cascades ecoregion. 

Therefore the thesis-proposed nutrient classification statistical methods grouped the Klamath and 

Willamette Valley lakes into the WFM. Due to few lakes in the Xeric West, results for the 

Northern Basin and Range were extrapolated to represent the entirety of the Xeric West. With an 

increase in sample size and distribution, other classifications may have been determined. The 

classifications of under represented ecoregions could have also shifted (Vaga and Herlihy 2004; 

Vaga et al. 2006).  
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Omitted Variables 

 The goal of variable selection is to quantify the relationship between the explanatory 

variables and the response. The best variable set choice will explain the most variation in the 

response.  However, every variable of anthropogenic and natural nutrient source and transport 

from a real world lake watershed cannot be represented; it is inherent that some will be omitted 

because of limitations in data and other resource availability. 

 In respect to reference site variable choice, the inclusion of water chemistry would have 

helped distinguish impacted sites from reference condition (Olson and Hawkins 2012). In 

conjunction with Omernik Level III ecoregions, nutrient ecoregions were partially defined by 

water chemistry variables such as SO4, Cl, turbidity, and pH (USEPA 2000). In the western 

United States, geologic contribution to water chemistry measured in electrical conductivity, acid 

neutralizing capacity, Ca, Mg, and SO4 best explained nutrient condition in streams, despite 

landscape and climate variable inclusion (Olson and Hawkins 2012). Furthermore, two nutrient 

sources, logging and grazing, were omitted, and that may have allowed impacted areas to pass as 

reference sites. Logging was not included because Eastern Oregon logging history data was not 

readily available for GIS. Even if a watershed is currently undisturbed, anthropogenic influences 

from previous land use, such as logging, can impact nutrient concentrations. For example, 

Gravelle et al. (2009) linked Pacific Northwest logging to higher NO3 and NO2 following clear 

cuts and partial clear cuts, with a downstream monthly mean increase of nitrates by 290 µg/L. 

Conversely, a pasture that has been returned to grassland would not represent the nutrient 

addition it once experienced. Cattle forage land cover preference and availability for cattle herds 

in Oregon have been found to have a positive significant correlation with surface water nutrients 

in nutrient models (Nash et al. 2008). Cattle grazing could have also been taken into account 
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with other variables, like wetlands. While typically wetlands act as a nutrient sink and it is 

anticipated there would be fewer nutrients in lakes with proportionally more wetlands in the 

watershed, an Oregon study showed cattle are attracted to wetlands. Therefore the presence of 

wetlands close to lakes could correlate with higher, not lower nitrogen input; this could also be a 

potential explanation of the increase of TP with increase in wetlands found by the individual 

linear regression (Nash et al. 2008). 

 The two most prominent omitted classification variables were forest species composition, 

for TN, and localized geology, for TP, both of which have been found to be important in fine 

scale nutrient impact (Ice and Binkley 2003). Moreover, these variables have also been attributed 

as the largest contributors to their respective nutrients in Pacific Northwest streams. As 

predictors of natural nutrient condition, when using the SPARROW model for such Pacific 

Northwest streams, forest composition (primarily alder cover) and geologic weathering would be 

expected to improve accuracy of model predictions for TN and TP (Wise and Johnson 2011). 

This supports additional studies that have found alder particularly important in the Oregon Coast 

Range for TN contribution (Greathouse 2014; Wise and Johnson 2011). 

 While geologic weathering and forest species composition are previously named 

contributors to natural nutrient variation in nutrient classification and criteria development, 

additional variation could be explained other omitted variables. Lake vegetation, both the species 

and quantity of vegetation, influence lake nutrient availability. The relationship between 

nutrients and vegetation is complex, as vegetation uptakes and stores nutrients at different rates, 

as well as decomposes, releasing nutrients at varying rates (Kufel and Kufel 2002). Grimm and 

Backx (1990) support that the nutrient concentrations vegetation can sustain largely determines 

the overall biological productivity of lake systems. Carpenter (1980) found that rooted plants 
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enriched shallow lakes stimulating more growth, while Kufel and Kufel (2002) recognize that 

species of these plants impact the lake nutrient concentrations. For example, Kufel and Kufel 

(2002) found Chara stores more nutrients than vascular aquatic macrophytes. This occurs 

because the plant immobilizes phosphorus via use and precipitation of minerals with which 

phosphorus can bind, as well as delivering oxygen to sediment enhancing nitrification and 

denitrification. Dense Chara beds also limited sediment resuspension, indirectly limiting nutrient 

release as well (Kufel and Kufel 2002). The lake vegetation-nutrient relationship Carpenter 

(1980) found was also impacted by quantity and species of littoral plants and their efficiency to 

decompose. The direction and rate of lake succession is influenced by littoral vegetation, 

watershed inputs, and basin morphometry (Carpenter 1980). Scheffer and Van Nes (2007) argue 

that changes in abiotic factors due to climate change drive changes in species dominance and 

drastically impacts nutrient concentrations. Lake turbidity, which is expected to change with 

climate change, had a significant correlation in relation to species dominance and subsequent 

nutrient concentrations (Scheffer and Van Nes 2007). 

 Lastly, there was an assumption of relatively constant natural nutrient conditions that 

disregards temporal variability. Natural events that release large amounts of nutrients at once, 

such as wildfires and volcanic activity, may also be captured in the nutrient criteria development. 

Wildfires cause short term nutrient leaching from the soil, and long term changes in infiltration 

rates, both of which increase nutrient concentrations in lakes where these nutrients runoff 

(Murphy et al. 2006). However, the severity of nutrient addition from wildfires depends largely 

on soil type and post-fire re-vegetation as these factors impact nutrient transport in the watershed 

(McColl and Grigal 1977). Planas et al. (2000) conducted a study comparing reference site lakes 

to lakes sampled for three years following wildfires in their watershed, and found that lakes with 
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watersheds that had experienced wildfires had 1.4 – 3 times more algae. The algal community 

had also changed, in part to changes in nutrient ratio changes and availability, with a direct 

relationship between the proportion of watershed that burned and lake size with algal community 

size (Planas et al. 2000). Volcanic activity, particularly the deposition of volcanic ash, also 

quickly and drastically increases nutrients, especially iron, silicon, and phosphorus, in both 

freshwater and saltwater systems (Jones and Gislason 2008). Volcanic ash also changes the pH 

of these systems, changing surface water chemistry and the biogeochemical cycles in lakes in 

numerous ways (Jones and Gislason 2008). Johnson et al. (2008) also found volcanic activity can 

contribute to nutrient-rich groundwater, such as that seeping out and impacting oligotrophic 

regions off the coast of Hawai’i.  

 

GIS Data and Analysis 

All watershed characteristics spatial research was conducted via ArcGIS and Google 

Earth, compiled in Excel alongside the initial nutrient data, and analyzed in R. No field site visits 

were conducted for ground-truthing. GIS is a commonly used tool in determining watershed 

characteristics, with a low error rate of typically less than five percent when compared with 

USGS maps and data (Boggess et al. 1995; Bulley et al. 2007; Garbrecht and Martz 2003). 

However, computer software and data also has its limitations in terms of representing the natural 

world; in using GIS models for nutrient management assumptions are part of the limitation 

(Negahban et al. 1995). 

Resolution is a necessary consideration of GIS use. Unfortunately, natural variation in 

freshwater ecosystems can be large even in small spatial extent, aggrandizing inherent error of 

Raster resolution (Soranno et al. 2011). Raster data resolution is particularly important because it 
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operates in a much more coarse manner than vector polygon resolution. The STATSGO data for 

statewide generalized soil composition is determined on a kilometer scale. The NLCD raster, 

used to determine land cover, is available in thirty meter resolution, as are DEM raster data 

layers, which were used in watershed delineation; though a relatively fine scale, their use will 

compromise some level of detail, and greater levels of detail in smaller watersheds. Therefore it 

is demonstrated the error of resolution is dependent on scale and may have played a role in this 

thesis research.  

In ArcGIS, the simplest method of accounting for variability within a watershed is to take 

the weighted average of the represented components in the watershed for consideration. 

However, the spatial extent does not necessarily represent the contribution to the response 

variable. Sharpley et al. (2009) found only 20% of the watershed contributes upwards of 80% of 

TP in water bodies from areas of phosphorus geologic hot spots that have active hydrological 

connectivity. The influence of such an area would not be well represented without considering 

both geology and hydrologic connectivity, both of which were only analyzed at the ecoregion 

scale. ArcGIS assumes homogeneity in assigned attributes  and has limitations to modeling 

continuous data, such as precipitation; all continuous data is discretized in some process. 

Precipitation, elevation, permeability, soil cation exchange capacity, slope, and runoff results 

may have been impacted by this method. There are bound to be errors in creation and 

maintenance of each of the GIS data layers. While small discrepancies, they are typically 

documented in each layer’s metadata for consideration and can be cumulative when considering 

an analysis across multiple data layers.  

Temporal variation of GIS data is likely the biggest source of error. The nutrient data for 

lakes were aggregated from samples taken between 1967 and 2007, some with only one, others 
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with varying numbers of samples, averaged together for each lake. The readily available data 

layers in this analysis were created from 2010 to 2014. The nutrient condition of the last five 

years may have changed from previous years, and land cover, population, roads, CAFO locations 

of the last five years may not be accurate for screening nutrient conditions of the past. However, 

present day reference sites are unlikely to have been radically nutrient impaired before and now 

still serve as reference sites for nutrient criteria development. This temporal component could 

screen out lakes that were reference condition but may no longer be. The temporal differences of 

data and aggregation of all nutrient measurements into averages also make determining a nutrient 

loading rate difficult, which is an important qualifier in establishing nutrient criteria (Wise and 

Johnson 2011).  

 

Bias of Percentile Derived Criteria 

The Technical Manual describes a percentile approach as a mechanism for determining 

reference condition by considering the lower 25th percentile of all lakes or the upper 25th (i.e., the 

75th) percentile of a subset of least disturbed lakes (USEPA 2000). However, this method 

establishes a “moving target” approach; the reference condition changes as reference sites 

become impacted. Therefore, reference condition is temporally dependent. Not only does this 

method assume temporal change is negligible, but also that a subjectively chosen percentile, 

whether that be the 25th of all lakes, the 75th percentile of reference sites, or another percentile of 

a particular data set, is adequately representing all natural variability. This creates a dependence 

on sample size, as smaller sample sizes are likely going to have a different 75th percentile than 

larger sample sizes. Additionally, different samples of lakes can impact this percentile approach 

and therefore provide different numeric criteria. For example, a sample that includes lakes with 
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high groundwater input or large quantities of phosphate rock will have higher TN or TP than one 

that does not. The criteria developed are bias toward their particular sample, making numeric 

criteria replication difficult between different samples and/or different sample sizes. This bias 

helps explain variation in criteria between the thesis-proposed criteria and those of other studies.  
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CHAPTER 6. CONCLUSION 

Summary of Research and Findings 

This thesis successfully completed all objectives in order to determine what the 

appropriate TP and TN numeric nutrient criteria may be for Oregon lakes. A set of reference 

conditions for reference site consideration by ecoregion was achieved; classifications for 

naturally varied TP and TN nutrient conditions across the state were created; a numeric nutrient 

criteria for TP and TN was derived from the 75th percentile of reference site nutrient values by 

ecoregion; and the proposed criteria was applied across a random set of Oregon lakes to 

determine current impairment status.  

 Minimally disturbed lakes were found for reference sites in the Blue Mountains and 

Cascades, while least disturbed lakes were used elsewhere. Reference conditions were created 

for each ecoregion and ultimately represented seven of nine ecoregions. Refer to Table 21 for the 

numeric values of each reference condition. Reference site choice and subsequent reference 

conditions generally aligned with the findings supported by other studies and comply with the 

definition and suggested methodology by the Technical Manual (Herlihy et al. 2013; Herlihy and 

Sifneos 2008; Wise and Johnson 2011; USEPA 2000).  

 
Thesis Classification  TP 

(µg/L) 
TN 
(µg/L) 

Western Forested Mountains  11 277 
Omernik Ecoregion Reference Condition   
Blue Mountains Agricultural Land  0% 

Developed Land 0% 
Road Density  0 m/km2 
Population Density <5 people/km2 
CAFO 0 
Lakeshore Disturbance 0 score 

 

12.5 265 
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Thesis Classification 
(continued) 

 TP 
(µg/L) 

TN 
(µg/L) 

Western Forested Mountains  11 277 
Omernik Ecoregion Reference Condition   
Cascades Agricultural Land  0% 

Developed Land 0% 
Road Density  0 m/km2 
Population Density <5 people/km2 
CAFO 0 
Lakeshore Disturbance 0 score 

 

10 250 

Coast Range Agricultural Land  <1% 
Developed Land <5% 
Road Density  <2200 m/km2 
Population Density <16 people/km2 
CAFO 0 
Lakeshore Disturbance <6 score 

 

12 280 

Klamath Mountains Agricultural Land  <1% 
Developed Land <3% 
Road Density  <3000 m/km2 
Population Density <2 people/km2 
CAFO 0 
Lakeshore Disturbance <6 score 

 

- - 

Willamette Valley Agricultural Land  <3% 
Developed Land <3% 
Road Density  <2200 m/km2 
Population Density <6 people/km2 
CAFO 0 
Lakeshore Disturbance <11 score 

 

- - 

Eastern Cascades 
 78.5 XW* 

Eastern Cascades Agricultural Land  0% 
Developed Land 0% 
Road Density  <2800 m/km2 
Population Density <5 people/km2 
CAFO 0 
Lakeshore Disturbance <5 score 

 

78.5 720 

Xeric West  490 760 
Northern Basin and Range Agricultural Land  <1% 

Developed Land <1% 
Road Density  <4500 m/km2 
Population Density <1 person/km2 
CAFO 0 
Lakeshore Disturbance <4 score 

 

490 1030 

 Table 21. Thesis Results Summary. XW* denotes that the Eastern Cascades TN classification is under the Xeric 
West criteria. 
 



	   97	  

 Once the reference sites were determined, their physical watershed and lake 

characteristics were considered for analysis and classification. OLS regression of all variables 

suggested that Northern Basin and Range ecoregion membership and Eastern Cascades 

ecoregion membership were statistically significant and suggestively significant for their 

respective values of TP. TN had no significant variables when all variables were included in the 

OLS. When compared with other studies, the argument for use of modified and aggregate 

ecoregions in the Pacific Northwest was supported (Vaga and Herlihy 2004; Vaga et al. 2006). 

Without ecoregion membership considered, precipitation was highly and positively significant 

for TP.  For TN concentration, soil permeability and maximum lake depth were negatively 

correlated. Precipitation was not directly used in classification, but coincides with ecoregion 

boundaries and is therefore indirectly supports the nutrient criteria development. Precipitation, in 

terms of TP, and permeability and maximum lake depth in terms of TN, were supported as 

potentially important variables for determining nutrient concentrations (Wise and Johnson 2011; 

Mayer et al. 2005; Daniel et al. 2010; Bachmann 1980). However, there were no classification 

uses of soil permeability. Lake depth by contrast has been used as a classification variable on 

both an ecoregion and state scale, and while not proposed for classification, may be with further 

investigation (Vaga et al. 2005; VWRRC 2007).  

The regression tree analysis split watershed precipitation along 25.67” annually for TP 

and 19.1” annually for TN. The precipitation split coincides with nutrient ecoregion boundaries, 

keeping all Western Forested Mountains and Willamette Valley in one classification and Xeric 

West and Eastern Cascades lakes in another. However, the Eastern Cascades lakes were divided 

by watershed majority ecoregion membership, placing two lakes with majority watershed area in 

the Cascades. Visual inspection of box plots confirm no significant difference between Omernik 



	   98	  

Level III ecoregions within classifications except suggestively for Eastern Cascades ecoregion 

TP, which is also supported by the significance it returned in the OLS regression. In the Eastern 

Cascades nutrient concentrations are suggestively lower than the Xeric West, prompting a third 

classification for TP for the remaining majority watershed ecoregion membership in the Eastern 

Cascades. Figures 4 and 5 show classification box plots and Figures 12 and 13 show 

corresponding maps; Table 17 summarizes the Omernik ecoregions under the thesis-proposed 

classifications. Generally, Pacific Northwest lake and reservoir nutrient criteria studies supported 

this system of classification with similar findings (Vaga and Herlihy 2004; Vaga et al. 2006). 

Nutrient criteria in the resulting TP classifications (WFM, Eastern Cascades, and Xeric 

West) were based on  the 75th percentile of reference sites in each classification. The respective 

numeric criteria developed for TP concentrations were 11, 78.5, and 490 µg/L. The resulting TN 

classifications: WFM and Xeric West (with Eastern Cascades in the Xeric West) yielded TN 

criteria of 277 and 760 µg/L, respectively (Table 17). The WFM and Eastern Cascades thesis-

proposed numeric criterion is similar to the AWQR suggested criteria (USEPA 2000b). The 

Xeric West numeric criterion is within range of the criteria defined in the Vaga et al. (2006) 

study of Pacific Northwest reservoirs; this is likely due to the Xeric West lakes being represented 

almost exclusively by reservoirs in the thesis-proposed numeric criteria.  

When these criteria were applied across a random set of 2007 and 2012 NLA-chosen 

Oregon lakes, the WFM lakes performed poorly for meeting the TP criterion and well for the TN 

criterion. The Eastern Cascades lakes performed well for the TP criterion. The Xeric West 

performed very well in respect to the TP criterion and very poorly for the TN criterion. When 

compared with other criteria, these responses shifted, demonstrating lakes increasingly coming 

between the different numeric criteria over time (USEPA 2000b; Vaga and Herlihy et al. 2004). 
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There is no one supported cause, but rather a multitude of possible reasons for this, including 

unaccounted natural nutrient fluctuation or legacy impacts of nutrients and their response to 

policy implementation (Martin et al. 2011).  

 

Recommendations and Future Research Directives for Lake Nutrient Management  

The primary intention of determining numeric nutrient criteria in Oregon lakes was to 

provide a statewide baseline set of criteria for policy and management consideration. A 

secondary purpose was to explore a reference site selection method and lake classification 

approach at a state scale. This thesis presents several recommendations drawn from research 

conclusions that could be considered in developing numeric nutrient management for Oregon 

lakes: 

 

Recommendations for Management  

• Separate TP and TN classifications should be used for setting criteria. 

• Reference criteria for each ecoregion can be used to determine additional 

candidates for nutrient reference condition. 

• Lakes should be reclassified by ecoregion based on majority ecoregion 

membership of their watershed to better represent the primary soils, 

physiography, geology, vegetation, and hydrology contributing and transporting 

nutrients to the lake.  

• Thesis-proposed classification for TP and TN could be used as preliminary 

expected nutrient ecoregions, as more data are collected that may explain 

variability within or between those boundaries. 
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• The thesis-proposed classification and numeric nutrient criteria could be used as a 

baseline for natural nutrient conditions in future studies comparison, such as how 

Vaga and Herlihy (2004) is used in this study. 

• Permeability and lake depth should be considered as potential classification 

variables for TN. 

• Water quality sampling should be expanded in the Willamette Valley, Klamath 

Mountains, Columbia Plateau, and Snake River Plain for better representation in 

classification statistical analysis. 

• Chlorophyll-a and Secchi disk criteria should be developed and correspond with 

the thesis-proposed nutrient criteria, as the Technical Manual suggests these 

parameters are measured together with TP and TN concentrations.  

• The Technical Manual emphasizes consideration of downstream impacts, and 

therefore the proposed nutrient criteria should be considered at an individual 

watershed or at least regional scale in order to protect downstream water bodies. 

• Adaptive resource management strategies could be used to begin nutrient 

monitoring and mitigation with state and local government entities, universities, 

and environmental groups.  

 

Nutrient management with the current thesis-proposed and otherwise suggested criteria is 

not an ideal permanent solution. These recommendations are limited in their effectiveness 

without more research, but rather act as a starting point in numeric nutrient criteria establishment 

for the state of Oregon. There is natural nutrient variability that this scale of classification, nor 

the 75th percentile method of criteria establishment, addresses; unimpaired lakes may still be 
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considered impaired. Future research of nutrient management at the watershed scale, Oregon’s 

ecoregions and within region nutrient variability, and methods of deriving numeric nutrient 

criteria will help determine the most effective numeric nutrient criteria at the state level. 

Therefore this thesis presents the following suggestions for future research in Oregon numeric 

nutrient criteria development: 

 

Future Research at the Watershed Scale 

• Watershed-scale variables should not only be weighted to their proportional area 

of the watershed, but their slope and proximity to the lakeshore may better assess 

nutrient condition and classification. 	  	  

• Using reference variables of agricultural land use, urban development land use, 

population density, road density, presence of CAFOs, and lakeshore disturbance 

scoring in conjunction with historical water quality, logging land use, and grazing 

land use data with an expanded data set may yield an improved set of suitable 

reference sites for comparison. 

• Geologic weathering should be considered for TP classification in future research. 

• Forest species composition, lake depth, and soil permeability should be 

considered more in depth as classification variables for TN in future research.  

 

Future Research of Ecoregion Use for Nutrient Management 

• Future studies could compare the majority ecoregion membership method of 

classification with the traditional lake centroid based classification to justify 

changes in lake classification.  
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• Watersheds with multiple ecoregion membership could be studied exclusively to 

better understand how their lake nutrient concentration is impacted by different 

systems. 

• Future analysis of lake classification variables within and outside of ecoregion 

constraints should also be pursued.   

 

Future Research in Deriving Numeric Criteria  

• A larger database of lake nutrient concentrations, especially for TN, would benefit 

future research greatly in reducing uncertainty and explaining variability in 

statistical analysis.  

• Greater lake inclusion from the Willamette Valley, Klamath Mountains, 

Columbia Plateau, and Snake River Plain ecoregions would better represent 

distribution and potentially lead to more localized criteria development.    

• Multiple potential numeric criteria could be derived using additional statistical 

analyses, such as Jenks natural breaks optimization, and compared. 

• Reference lakes that fail to meet the numeric criteria set for their classification 

could be subset and studied exclusively, or have site-specific criteria developed. 

 

In all, the thesis-proposed criteria are imperfect for direct application in regulations to 

control nutrients. Additional research is needed to better substantiate criteria for Oregon. 

Additionally, a larger or additional sample of lakes should be used to refute potential bias from 

small sample size and conduct research in line with this thesis’ recommendations. However, the 

approach and resulting criteria from this thesis are nonetheless important. The reference 



	   103	  

condition definition and site selection demonstrate the availability of minimally and least 

disturbed reference sites and their condition in Oregon ecoregions. The proposed classifications 

are a framework for statewide trends. The numeric nutrient criteria offer the only Oregon state-

specific options for nutrient management in lakes, and the application of these criteria across 

Oregon’s lakes reveal unexpected patterns of performance. Overall, this thesis is useful to assist 

nutrient management efforts and inform agency scientists and decision makers regarding the 

complexity of nutrient – land use relationships in lakes and their watersheds. 
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Blue Mountains 

 The Blue Mountains ecoregion makes up 24,822 square miles of northeastern Oregon in 

the rain shadow of the Cascades (ODFW 2006). The elevation ranges from 1,200 feet to 9,900 

feet, but averages around 5,000 feet. The west end is formed by the area directly east of Sisters 

and Bend, and extends east to Hells Canyon and surpasses the Oregon-Idaho border. The 

Columbia Plateau defines the boundary of the northern portion of the ecoregion, and the southern 

portion is bound by the Northern Basin and Range. The ecoregion encompasses seven sets of 

mountains – the Strawberry Range, Greenhorn Mountains, Elkhorn Mountains, Aldrich 

Mountains, Maury Mountains, Ochoco Mountains, and the Wallowa Mountains – and the areas 

in-between them (Thorson et al. 2003). The Oregon portion of the Blue Mountains ecoregion is 

made up of 14 Omernik Level IV sub-ecoregions: the Blue Mountain Basins and Cold Basins, 

Canyons/Dissected Highlands, Canyons/Dissected Uplands, Continental Zone Highlands and 

Foothills, Deschutes River Valley, John Day/Clarno Uplands and Highlands, Maritime-

Influenced Zone, Melage, Mesic Zone, Sub-alpine/Alpine Zone, and the Wallowas/Seven Devils 

Mountains regions (Omernik and Griffith 2014; Thorson et al. 2003).  

The topography of these regions includes low and high portions of mountain ranges, 

ridges, mountain valleys, rivers and deep river canyons, foothills, hills and highly dissected hills, 

palisades, ash beds, buttes, wet valleys and meadows, cinder cones, flat and rolling alluvial 

valleys, floodplains, fluvial terraces, volcanic plateaus, and glaciated mountain arêtes, cirques, 

and tarns. The geology is primarily volcanic in nature, with basalt, tertiary basalt, metamorphic, 

metavolcanic, metasedimentary, and sedimentary rock, and soils that have loess deposits, but are 

typically ashy, with some nutrient poor areas high in magnesium (Thorson et al. 2003). 

Subsequently, the varied terrain and soils make for a variety of vegetation, though much of the 
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region has vegetation characteristic of high desert shrub land, pine forests, alpine highlands, 

riparian areas, and wetlands (ODFW 2006).  

The prominent hydrology of the Blue Mountains ecoregion is the river system that 

includes the Grande Ronde Rivers, Powder Rivers, and Malheur Rivers, as well as portions of 

the Crooked, Deschutes, John Day, Imhana, Salmon, and Snake Rivers. The Highlands have 

mostly broad spring-fed and some smaller snowmelt-fed streams, as well as a small set of 

perennial streams that drain to the alkaline Northern Basin and Range ecoregion. Sub-alpine and 

alpine zones have high gradient streams with boulder or cobble streambeds that feed some 

smaller lakes. The lower elevation regions host a number of reservoirs. Many streams feed three 

prominent basins: the Grande Ronde Valley, Baker Valley, and Wallowa Valley. In terms of 

wetlands, wet meadows are present in various regions throughout the Blue Mountains (Omernik 

and Griffith 2014). In the Deschutes River Valley, irrigated floodplains and terraced areas grow 

winter wheat, potatoes, alfalfa, mint, onions, carrots, and garlic. Some sub-regions are used for 

pasture and rangeland. Areas that have been overgrazed have a characteristic influx of non-native 

cheat grass (ODFW 2006).  

 

Cascades 

 The Cascades ecoregion makes up 11,203 square miles of mild, wet climate in northern, 

central, and southern Oregon (ODFW 2006). The elevation ranges from 600 feet to 11,249 feet, 

with the average elevation being around 5,000 feet. The Oregon portion of the Cascades extend 

from the Columbia River Gorge in the north to Hayden Pass in the south and west, where it is 

met with the Klamath Mountains near the California-Oregon border. The northwestern boundary 

is the Willamette Valley, and the entirety of the eastern side is the Eastern Cascades ecoregion. 



	   115	  

The Cascades includes Oregon’s prominent peaks from north to south, Mount Hood, Mount 

Jefferson, the Three Sisters Mountains, Mount Bachelor, Diamond Peak, Mount Scott, and 

Mount McLoughlin (Thorson et al. 2003). The Cascades Ecoregion is made up of six Level IV 

ecoregions: Cascade Crest Montane Forest, Cascades sub-alpine/Alpine, High Southern 

Cascades Mountane Forest, Southern Cascades, Western Cascades Lowlands and Valleys, and 

Western Cascades Montane Highlands (Omernik and Griffith 2014; Thorson et al. 2003). 

 The topography is primarily mountainous with steep slopes, narrow and broad valleys, 

glaciated peaks, and volcanic plateaus, buttes, and cones. The geology consists of active and 

dormant volcanoes and Cenozoic volcanic rock, as well as alpine glaciations. Additionally, there 

are basalt prominent sub-regions. The soils are also volcanic in nature (Thorson et al. 2003). 

Vegetation is consistent with highly productive coniferous forests of moist, temperate climate 

and sub-alpine meadows, as well as steep stream valleys and their riparian areas in the western 

part of the region (ODFW 2006).  

 The hydrology of the Cascades is fairly rich. The western Cascades drain numerous 

watersheds: the Clackamas, McKenzie, North Umpqua, North and South Santiam, and North and 

Middle Willamette, as well as providing water to the Salmon and Bull Run Rivers. Medium and 

high gradient streams exist in the montane forests, highlands, and lowlands and valleys (Omernik 

and Griffith 2014). Many glacial rock basin lakes were formed at higher elevations, while 

numerous reservoirs store snowmelt and provide water on the older western portion of the 

Cascades for irrigation and municipalities in the Willamette Valley. The southern Cascades have 

much lower stream and river discharge (ODFW 2006).  
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Coast Range 

 The Coast Range ecoregion of Oregon is 9,006 square miles (ODFW 2006). The 

elevation of this region ranges from sea level to 4,100 feet, with the mean at approximately 2,000 

feet. The Coast Range is located along the extent of Oregon’s coastline, bound by the Willamette 

Valley in the north and Klamath Mountains in the south (Thorson et al. 2003). The cities of 

Astoria, Coos Bay, Lincoln City, and Newport are in this ecoregion. The Oregon Coast Range 

ecoregion is made up of seven Level IV ecoregions: Coastal Lowlands, Coastal Uplands, Mid-

Coastal Sedimentary, the Redwood Zone, Southern Oregon Coastal Mountains, Volcanics, and 

Willapa Hills.  

 The topography of the Coast Range is varied with proximity to coastline. The 

westernmost part is primarily beaches, sand dunes, and spits, but inland also consist of low and 

high marine terraces, headlands, hills, low mountains, and rolling foothills. The geology of the 

region is primarily sandstone, siltstone, and basalt, as well as some areas of Jurassic sandstone, 

metamorphosed sediments, granite, and serpentinite rock. The soils vary, but are composed 

mostly of various sand, silt-clay, and silt-loam types (Thorson et al. 2003). The vegetation is that 

of sand dunes, wet forests, marshes, some grasslands, and inland chaparral and oak savanna 

(ODFW 2006).  

 The hydrology of the Coast Range features an assortment of water resource types. Low 

gradient streams are the most common in lowland areas, while medium and high gradient 

streams and rivers are found in the hills, volcanic, and mid-range regions. The uplands have 

medium to high tannic streams. Wetlands are common, except in inland hills, though most have 

been drained for pasture. Estuarine marshes are common in the lowlands, as are shallow lakes 

(Omernik and Griffith 2014). Reservoirs are also found primarily along the southern interior low 
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mountains of the Coast Range. The ecoregion is valued for primarily for timber, though pasture, 

urban, suburban, and other agricultural land uses are common. Coast Range fisheries are also 

highly important (ODFW 2006).  

 

Columbia Plateau 

  6,764 square miles of the Columbia Plateau ecoregion is in Oregon (ODFW 2006). The 

lowest elevation of the plateau is 300 feet, while the highest is 3,200 feet; the average is below 

1,200 feet. The Oregon portion of the Columbia Plateau is bound by the Columbia River Gorge 

to the north, the Eastern Cascades ecoregion to the west, the Blue Mountains to the south, and 

Oregon-Idaho border to the east (Thorson et al. 2003). The ecoregion consists of six Level IV 

ecoregions: Deep Loess Foothills, Deschutes and John Day Canyons, Pleistocene Lake Basins, 

Umatilla Dissected Uplands, Umatilla Plateau, and the Yakima Folds (Omernik and Griffith 

2014; Thorson et al. 2003). 

 The topography consists of lake plains, unforested anti-clinal ridges, low mountains, 

steep canyon lands, floodplains, rolling plateau, and grasslands. The geology is formed primarily 

from Pleistocene floods, such as the Missoula floods, that created the flat lake basins that make 

up most of the region today, and large extents are also made up of basalt with loess deposits. The 

soil is subsequently mostly loess and colluvial types (Thorson et al. 2003). Vegetation is 

typically grass and sagebrush, with shrubs along riparian areas, and some dotted pine forests, 

though it’s mostly treeless (ODFW 2006).  

 The large rivers of the region are the Columbia, Deschutes and John Day Rivers. The 

foothills feed perennial snowmelt streams to the rivers (Omernik and Griffith 2014). There are 

no natural lakes and few reservoirs. Fisheries are important to the region, as the rivers are large 
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fish-bearing entities. The Columbia and John Day Rivers are host to a suite of reservoirs for 

hydroelectric dams. Dry and irrigated farming allow winter wheat, alfalfa, barley and green pea 

cultivation. Much of the plateau and uplands are rangeland (ODFW 2006).  

 

Eastern Cascades 

 The Eastern Cascades ecoregion makes up 10,592 square miles of Oregon (ODFW 2006). 

The elevation ranges from 500 to 8,300 feet and averages approximately 5,000 feet. The eastern 

Cascades are bound by the Cascade peaks to the west, the Columbia River Gorge north, the 

Columbia Plateau on the northeast, Blue Mountains on a small north-central section, Northern 

Basin and Range to the southeast, and Oregon-California border south (Thorson et al. 2003). The 

cities of Bend, Hood River, Klamath Falls, Lakeview, and Remond are within this ecoregion. 

The Eastern Cascades ecoregion in Oregon is made up of 9 Level IV ecoregions: Cold, Wet 

Pumice Plateau Basins, Eastern Cascades, Fremont Pine/Fir Forest, Grand Fir Mixed Forest, 

Klamath/Goose Warm, Wet Basins, Klamath Juniper Woodland, Oak/Conifer Foothills, 

Ponderosa Pine/Bitterbrush Woodland, and Southern Cascades Slope (Omernik and Griffith 

2014; Thorson et al. 2003). 

 Eastern Cascades topography consists of moderate and steep sloping mountains and high 

plateaus, some glaciated plateaus, hills, benches, escarpments, basins, pluvial lake basins, 

floodplains, terraces, canyons, foothills, low mountains, and valleys. The geology is highly 

volcanic with thick lacustrine deposits and basalt. The soils are rocky in some areas, but are 

primarily derived from Mazama ash and pumice; expansive parts of the region have deep and 

permeable volcanic soils (Thorson et al. 2003). Vegetation ranges from pine and fir forests, to 

juniper, oak and bitterbrush woodlands, to marshy wetland basin vegetation (ODFW 2006).  
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 The hydrology of the Eastern Cascades is snowmelt and spring driven. Some low rivers 

are in the area driven by springs. Intermittent low gradient streams comprise most of the stream 

density, and permanent, medium gradient streams comprise some; high gradient intermittent and 

ephemeral springs are less prominent. Wet forests and wetlands have mostly been drained, 

though higher elevation areas persist. Glacial rock basin lakes are numerous through out 

(Omernik and Griffith 2014). Reservoirs are common, as well particularly in the central and 

southern parts of the region. Lowland irrigation allows for rural residences, pasture, grazing, 

orchards, and cropland. Crops are primarily hay, grain, potatoes, and alfalfa (ODFW 2006).  

 

Klamath Mountains 

 The Oregon section of the Klamath Mountains ecoregion contains 6,048 square miles 

(ODFW 2006). The elevation extent is from 400 feet to as much as 7,500 feet with the average 

being around 3,000 feet. The Oregon portion of the ecoregion lies between the Coast Range to 

the west, the Willamette Valley to the north, Cascades to the east and Oregon-California border 

to the south. Ashland, Grants Pass, and Medford are cities in this ecoregion (Thorson et al. 

2003). The Klamath Mountains ecoregion consists of seven Level IV ecoregions: Coastal 

Siskiyous, Klamath River Ridges, Inland Siskiyous, Oak Savanna, Rogue/Illinois Valleys, 

Serpentine Siskiyous, and Umpqua Interior Foothills (Omernik and Griffith 2014; Thorson et al. 

2003).   

 The topography is largely mid-elevation forested mountains that are fairly dissected, with 

some included areas of fluvial terraces and floodplains, and oak savanna. The soils share some 

consistencies with the Coast Range, like silt-clay, but also alluvial and colluvial soils typical of 

valleys, and pockets of xeric soils. A small section of about 440 square miles consists of nutrient 
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poor serpentine soils (Thorson et al. 2003). The vegetation is largely coniferous and broad leaf 

deciduous mixed forests, with drier vegetation familiar to oak savanna and chaparral present, 

including shrub land and grasses (ODFW 2006).  

 The hydrology of the Klamath Mountains consists largely of the Rogue and Klamath 

Rivers. There are also numerous perennial high gradient streams. There are few lakes and 

reservoirs (Omernik and Griffith 2014). The reservoirs store water for agriculture and residential 

use; prominent agriculture includes orchards, vineyards, row crops, and pasture (ODFW 2006).  

 

Northern Basin and Range 

 The Northern Basin and Range extends for 23,028 square miles (ODFW 2006). The 

elevation ranges from 2,500 feet to 10,900 feet, with a mean about 5,000 feet. The Northern 

Basin and Range is bound by the Eastern Cascades on the west side, the Blue Mountains to the 

north, and the Oregon-Idaho, Oregon-Nevada, and Oregon-California border to the south and 

east (Thorson et al. 2003). This region includes the town of Burns, Ontario, Nyssa, and Paisley. 

The Northern Basin and Range, in Oregon, is made up of nine Level IV ecoregions: Barren 

Playas, the Dissected High Lava Plateau, High Desert Wetlands, High Lava Plains, Owyhee 

Uplands and Canyons, Partly Forested Mountains, Pluvial Lake Basins, Salt Scrub Valleys, and 

Semi-arid Uplands (Omernik and Griffith 2014; Thorson et al. 2003). 

 The topography causes the basin to internally drain. Gentle slopes with lake and stream 

terraces, intermittent lakes, playas, beach plains, fan skirts, wetlands, steppe, deep river canyons, 

lava fields, badlands, tuffaceous outcrops, volcanic cones and buttes, hills, and mountains 

comprise the Northern Basin and Range ecoregion. The geology is largely basalt, with 

impermeable volcanic bedrock in some areas. Soils are volcanic, though alkaline in some places 
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and salty in others (Thorson et al. 2003). The vegetation is just as varied as the topography, with 

salt-tolerant plants in the barren playas, sagebrush steppes, dotted higher elevation fir and pine 

forests, and prairie grasslands (ODFW 2006).  

 The hydrology of this region is unique because of its internally draining basin, though the 

Snake River is found in a portion of the range. Some moderate and high gradient perennial and 

intermittent streams can be found fed by cold springs and snowmelt, and stream density is higher 

in upland and canyon areas. Most lakes are alkaline, and many are intermittent, though some 

permanent, shallow, weedy lakes persist, and tarn lakes are found in the Steens Mountains. 

Wetlands and lakes are formed from poorly draining soils (Omernik and Griffith 2014). There 

are numerous large reservoirs for agricultural use, such as irrigated alfalfa farming, and a small 

quantity of other crops, as well as irrigated pasture. Reservoirs also provide water to towns and 

rural dwellings, as well as mining operations; historic gold and silver mines are present, as well 

as active opal mines and clay quarries (ODFW 2006).  

 

Snake River Plain 

 The Snake River Plain just 499 square miles of Oregon along it’s eastern border (ODFW 

2006). The boundaries are formed from the Blue Mountains and Northern Basin and Range, 

within Oregon (Thorson et al. 2003). This ecoregion is home to the confluence of the Malheur 

and Owyhee Rivers with the Snake River. The only Level IV ecoregion of the Snake River Plain 

is Unwooded Alkaline Foothills (Omernik and Griffith 2014; Thorson et al. 2003). 

 Alluvial fans, rolling foothills, benches, and badlands make up the topography. The 

geology is largely volcanic with lacustrine deposits and sandy, alkaline soil (Thorson et al. 

2003). Vegetation includes largely salt-tolerant plants (ODFW 2006).  
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 The hydrology includes the Malheur, Owyhee, and Snake Rivers, as well as rare 

perennial and some ephemeral streams. There are no natural lakes, and the reservoirs are largely 

impoundments of the Snake River (Omernik and Griffith 2014). The impoundments allow 

irrigation to grow alfalfa and sugar beets, as well as hydroelectric power (ODFW 2006).  

  

Willamette Valley 

 5,330 square miles of Oregon is the marine-influenced Willamette Valley ecoregion 

(ODFW 2006). As a valley the elevation only ranges from sea level to about 1,500 feet, with the 

average less than 500 feet. The ecoregion is bound by the Columbia River to the north, the 

Cascades to the east, Coast Range to the west, and the Klamath Mountains south (Thorson et al. 

2003). As the most metropolis ecoregion of Oregon, it is home to a number of the state’s largest 

cities, such as Albany, Corvallis, Eugene, Portland, and Salem. The Willamette Valley is made 

up of four Level IV ecoregions; they are the Portland/Vancouver Basin, Prairie Terraces, Valley 

Foothills, and Willamette River and Tributaries Gallery Forest (Omernik and Griffith 2014; 

Thorson et al. 2003). 

 The topography is formed from basins, floodplains, fluvial terraces, foothills, buttes, and 

low mountains. The geology includes a geologic depression at the Portland Hills fault block that 

forms the Portland/Vancouver Basin, fluvial terraces, and some volcanic rocks, though mostly 

sands and gravels deposited from the Pleistocene, primarily Missoula, floods; alluvial soils are 

prominent and poorly draining soil from glacial lake deposits (Thorson et al. 2003). Vegetation 

includes prairie and oak savanna, and coniferous and broadleaf deciduous forests (ODFW 2006).  

 The hydrology of the Willamette Valley consists of a few types. The Willamette and 

Columbia Rivers are most prominent, rolling hills have medium gradient streams, and low 
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gradient river channels exist along floodplains. Wetlands, oxbow lakes, and ponds are all 

characteristic of the area. Reservoirs exist in the areas bordering Coast Range and Cascade 

ecoregions (Omernik and Griffith 2014). Water use is governed by agriculture and large 

population centers that form urban, suburban, and surrounding rural areas. Agriculture includes 

vineyards, orchards, pasture, cropland, and tree farms (ODFW 2006). 
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Appendix B 
 
 
 

Raw Reference Condition Data 
 
 
 
APPENDIX B – Legend of Variables 
Abbreviation Variable 
Agriculture Watershed Agricultural Land Use (%) 
Developed Urban Development Land Use (%)  
Pop. Density Population Density (people/km2)  
CAFOs Concentrated Animal Feed Operations (#) 
LSD Lakeshore Disturbance Score (out of 35) 
	  
	  
	  

Complete Lake Data Set Reference Condition Variables by Ecoregion 

Ecoregion	  /	  LAKEID	  
Agriculture	  
(%)	  

Developed	  
(%)	  

Road	  Density	  
(m/km2)	  

Pop.	  Density	  
(people/km2)	   CAFOs	   LSD	  

Blue	  Mountains	   	   	   	   	   	   	  
4C1-‐034	   0.00	   0.00	   0	   83	   	  	   0	  
ANTELOPE	  FLAT-‐ORATL	   0.00	   0.00	   1739	   1	   	  	   1	  
ANTHONY	  LAKES	   0.00	   0.00	   2190	   1	   	  	   6	  
BALM	  CREEK-‐ORATL	   0.00	   0.00	   4793	   1	   	  	   3	  
BEULAH	   0.46	   0.00	   1138	   1	   	  	   1	  
BILLY	  CHINOOK-‐ORATL	   2.51	   2.18	   2286	   9	   10	   5	  
NLA06608-‐0049	   0.00	   0.00	   579	   0	   	  	   0	  
COTTONWOOD-‐ORATL	   0.00	   0.00	   1944	   0	   	  	   1	  
DELINTMENT-‐ORATL	   0.00	   0.00	   2175	   2	   	  	   1	  
FISH-‐BAKER	   0.00	   0.00	   2724	   1	   	  	   1	  
GLACIER	   0.00	   0.00	   0	   1	   	  	   0	  
HAYSTACK	   2.79	   3.65	   3401	   1	   	  	   4	  
NLA06608-‐1073	   0.00	   0.00	   0	   7	   	  	   0	  
JOHN	  HENRY-‐WLS	   0.00	   0.00	   0	   1	   	  	   0	  
JUBILEE-‐ORATL	   0.00	   0.00	   2796	   3	   	  	   4	  
LAGRANDE	  WATERSHED	  30	   0.00	   0.00	   2596	   2	   	  	   1	  
SIMTUSTUS-‐ORATL	   8.47	   3.89	   3090	   11	   3	   6	  
LANGDON-‐ORATL	   0.00	   3.12	   8446	   4	   	  	   10	  
LITTLE	  FRAZIER	   0.00	   0.00	   0	   2	   	  	   0	  
LONG-‐WLS	   0.00	   0.00	   0	   0	   	  	   0	  
LOST-‐BAKER	   0.00	   0.00	   3422	   5	   	  	   0	  
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Ecoregion	  /	  LAKEID	  
Agriculture	  
(%)	  

Developed	  
(%)	  

Road	  Density	  
(m/km2)	  

Pop.	  Density	  
(people/km2)	   CAFOs	   LSD	  

Blue	  Mountains	  (cont.)	   	   	   	   	   	   	  
MAGONE	   0.00	   0.00	   1378	   1	   	  	   4	  
MALHEUR	  RES-‐ORATL	   2.06	   1.33	   1581	   0	   	  	   1	  
MINAM-‐ORATL	   0.00	   0.00	   0	   0	   	  	   0	  
MIRROR-‐WALLOWA-‐ORATL	   0.00	   0.00	   0	   4	   	  	   0	  
MORGAN-‐ORATL	   0.00	   0.00	   2424	   23	   	  	   0	  
OCHOCO	   0.42	   0.70	   1562	   5	   	  	   7	  
NLA06608-‐2481	   0.00	   0.00	   23	   0	   	  	   0	  
OLIVE	   0.00	   0.00	   285	   0	   	  	   1	  
PENLAND-‐ORATL	   0.00	   0.00	   1479	   1	   	  	   7	  
PHILLIPS	   0.73	   0.52	   3909	   1	   	  	   4	  
PINE	  CREEK	   0.00	   0.00	   514	   1	   	  	   4	  
POCKET	   0.00	   0.00	   0	   14	   	  	   0	  
PRINEVILLE	   0.93	   0.31	   1387	   1	   2	   4	  
RAZZ-‐WLS	   0.00	   0.00	   0	   2	   	  	   0	  
STRAWBERRY	   0.00	   0.00	   0	   0	   	  	   0	  
SWAMP-‐WLS	   0.00	   0.00	   0	   2	   	  	   0	  
THIEF	  VALLEY	   15.51	   2.37	   2993	   4	   9	   2	  
JACK	  CAVENDER	  POND	  	   0.00	   6.18	   5417	   0	   	  	   3	  
TRAVERSE	   0.00	   0.00	   0	   2	   	  	   0	  
UNITY	   0.60	   0.93	   3425	   1	   	  	   8	  
UPPER	  TUMALO-‐ORATL	   0.01	   1.90	   2305	   5	   	  	   4	  
NLA06608-‐0625	   0.00	   0.00	   0	   1	   	  	   0	  
WALLOWA-‐ORATL	   0.00	   0.61	   713	   2	   	  	   13	  
WALTON-‐ORATL	   0.00	   0.00	   4197	   4	   	  	   8	  
WOLF	  CREEK-‐ORATL	   0.02	   0.11	   4306	   2	   	  	   4	  

Cascades	  	   	   	   	   	   	   	  
4B1-‐005	   0.00	   1.72	   1575	   2	   	  	   0	  
4B1-‐007	   0.00	   0.00	   252	   0	   	  	   0	  
4B2-‐002	   0.00	   0.00	   0	   0	   	  	   0	  
4B2-‐006	   0.00	   0.00	   0	   3	   	  	   0	  
4B2-‐004	   0.00	   0.00	   0	   0	   	  	   0	  
ABERNETHY	   0.00	   0.00	   0	   1	   	  	   0	  
AVERILL	   0.00	   0.00	   0	   2	   	  	   0	  
BADGER-‐HOOD	  RIV	   0.00	   0.16	   1464	   4	   	  	   1	  
BEAR-‐MARION	   0.00	   0.00	   0	   5	   	  	   0	  
BEAR-‐MTHD	   0.00	   0.00	   2489	   73	   	  	   0	  
BIG	  BEND-‐MTHD	   0.00	   0.00	   0	   13	   	  	   0	  
BIG-‐LINN	   0.00	   1.67	   1132	   1	   	  	   7	  
BIG	  SLIDE	   0.00	   0.00	   0	   1	   	  	   0	  
BLUE	  AT	  BULL	  RUN	   0.00	   0.00	   0	   13	   	  	   0	  
BLUE-‐JEFFERSO	   0.00	   4.28	   3607	   3	   	  	   8	  
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Ecoregion	  /	  LAKEID	  
Agriculture	  
(%)	  

Developed	  
(%)	  

Road	  Density	  
(m/km2)	  

Pop.	  Density	  
(people/km2)	   CAFOs	   LSD	  

Cascades	  (cont.)	   	   	   	   	   	   	  
BLUE	  RIVER	   0.00	   0.01	   1387	   2	   	  	   8	  
BOBBY	   0.00	   0.00	   0	   0	   	  	   0	  
BOULDER-‐HOOD	  RIV	   0.00	   0.00	   0	   2	   	  	   0	  
BREITENBUSH	   0.00	   0.00	   851	   2	   	  	   2	  
BUCK-‐CLACKAMA	   0.00	   0.00	   0	   0	   	  	   0	  
BUCKEYE	   0.00	   0.00	   71	   1	   	  	   0	  
BULL	  RUN	   0.00	   0.00	   312	   4	   	  	   1	  
BULL	  RUN	  RES.	  #1	   0.00	   0.02	   1425	   7	   	  	   3	  
BULL	  RUN	  RES.	  #2	   0.00	   0.00	   1794	   5	   	  	   3	  
BUMP-‐MTHD	   0.00	   0.00	   0	   2	   	  	   2	  
BURNT	   0.00	   0.00	   0	   34	   	  	   0	  
CAMP-‐DESCHUTE	   0.00	   0.00	   0	   9	   	  	   0	  
CAMPERS	   0.00	   0.00	   0	   2	   	  	   1	  
CATALPA-‐MTHD	   0.00	   0.00	   0	   1	   	  	   0	  
CHARLTON	   0.00	   0.00	   397	   5	   	  	   3	  
CLEAR-‐LINN	   0.00	   1.98	   2426	   1	   	  	   4	  
NLA06608-‐0406	   0.00	   1.07	   2103	   1	   	  	   13	  
COUGAR-‐ORATL	   0.00	   0.42	   754	   2	   	  	   4	  
CRABTREE	   0.00	   0.00	   1356	   22	   	  	   0	  
CRATER-‐KLAMATH	   0.00	   0.28	   59	   1	   	  	   6	  
CRESCENT-‐KLAMATH	   0.00	   0.07	   408	   1	   	  	   10	  
DEER-‐DESCHUTE	   0.00	   0.00	   101	   3	   	  	   1	  
DETROIT	   0.00	   0.88	   1801	   3	   	  	   14	  
DEVILS-‐DESCHUTE	   0.00	   2.41	   327	   3	   	  	   8	  
DIAMOND-‐DOUGLAS	   0.00	   2.74	   1547	   1	   	  	   9	  
DIAMOND	  VIEW	   0.00	   0.00	   0	   0	   	  	   0	  
DINGER	   0.00	   0.00	   391	   0	   	  	   6	  
DORIS	   0.00	   0.00	   0	   3	   	  	   0	  
EAST	   0.00	   0.00	   751	   1	   	  	   9	  
EILEEN	   0.00	   0.00	   0	   24	   	  	   0	  
ELK-‐MARION	   0.00	   0.00	   1468	   2	   	  	   3	  
ELK-‐DESCHUTE	   0.00	   1.17	   355	   3	   	  	   13	  
EMERALD-‐CLACKAMA	   0.00	   0.00	   1731	   4	   	  	   6	  
FARADAY	   32.92	   3.11	   1738	   31	   	  	   7	  
FAY	   0.00	   0.00	   4890	   1	   	  	   1	  
FISH-‐JACKSON	   0.00	   1.90	   1781	   1	   	  	   12	  
FISH-‐MARION	   0.00	   0.00	   1	   2	   	  	   1	  
FISH-‐DOUGLAS	   0.00	   0.05	   825	   0	   	  	   0	  
FOSTER-‐ORATL	   0.15	   1.15	   3040	   3	   	  	   18	  
FOURMILE	   0.00	   0.00	   75	   1	   	  	   1	  
FRYING	  PAN	   0.00	   0.00	   1573	   0	   	  	   4	  
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Ecoregion	  /	  LAKEID	  
Agriculture	  
(%)	  

Developed	  
(%)	  

Road	  Density	  
(m/km2)	  

Pop.	  Density	  
(people/km2)	   CAFOs	   LSD	  

Cascades	  (cont.)	   	   	   	   	   	   	  
GIFFORD-‐MTHD	   0.00	   0.00	   5	   2	   	  	   0	  
GOLD-‐LANE	   0.00	   0.07	   176	   2	   	  	   6	  
GOODFELLOW	   0.00	   0.00	   5004	   4	   	  	   3	  
GRASS-‐KLAMATH	   0.00	   0.00	   0	   1	   	  	   0	  
GREEN	  PETER-‐ORATL	   0.04	   0.46	   1962	   1	   	  	   13	  
HARRIETTE	   0.00	   0.00	   0	   0	   	  	   0	  
HARVEY-‐LANE	   0.00	   0.00	   0	   1	   	  	   0	  
HEART-‐LINN	   0.00	   0.00	   0	   1	   	  	   0	  
HEAVENLY	  TWIN-‐KLAMAT	   0.00	   0.00	   0	   1	   	  	   0	  
HELEN	   0.00	   0.00	   0	   10	   	  	   0	  
HICKMAN	   0.00	   0.00	   574	   9	   	  	   0	  
HIDEAWAY	   0.00	   0.00	   1465	   0	   	  	   4	  
HILLS	  CREEK	   0.00	   0.03	   1464	   2	   	  	   13	  
HOSMER	   0.00	   1.09	   293	   3	   	  	   8	  
HOWARD	  PRAIRIE-‐ORATL	   0.06	   0.57	   1832	   2	   	  	   10	  
HYATT-‐ORATL	   0.00	   0.26	   1566	   2	   	  	   16	  
ISHERWOOD	   0.00	   0.00	   0	   0	   	  	   0	  
ISLAND-‐KLAMATH	   0.00	   0.00	   0	   14	   	  	   0	  
JEAN	   0.00	   0.00	   7524	   4	   	  	   1	  
KRAG	   0.00	   0.00	   0	   5	   	  	   0	  
KUITAN	   0.00	   0.00	   0	   4	   	  	   0	  
NOTASHA	   0.00	   0.00	   0	   1	   	  	   0	  
LAKE	  OF	  THE	  WOODS	   0.00	   1.56	   3499	   1	   	  	   16	  
LAURANCE	   0.00	   0.00	   1424	   4	   	  	   10	  
LAVA	   0.00	   1.14	   655	   3	   	  	   6	  
LEMOLO	   0.00	   0.47	   1272	   1	   	  	   7	  
LENORE	   0.00	   0.00	   0	   28	   	  	   0	  
LINTON	   0.00	   0.00	   0	   0	   	  	   0	  
LITTLE	  BOULDER-‐MTHD	   0.00	   0.00	   618	   1	   	  	   6	  
LITTLE	  LAVA	   0.00	   0.67	   537	   3	   	  	   2	  
LOST-‐LINN	   0.00	   2.89	   2041	   1	   	  	   11	  
LOST-‐HOOD	  RIV	   0.00	   0.00	   1020	   4	   	  	   7	  
LOWER	  EDDEELEO	   0.00	   0.00	   0	   9	   	  	   0	  
LOWER	  ERMA	  BELL	   0.00	   0.18	   347	   0	   	  	   0	  
LOWER	   0.00	   0.00	   3	   1	   	  	   0	  
LOWER	  TWIN-‐MARION	   0.00	   0.00	   0	   0	   	  	   0	  
LOWER	  TWIN-‐MTHD	   0.00	   0.00	   0	   1	   	  	   0	  
MARION	   0.00	   0.00	   1	   0	   	  	   0	  
MARTIN	   0.00	   0.00	   1621	   16	   	  	   0	  
MC	  KEE	   0.00	   0.00	   0	   58	   	  	   0	  
MEEK	   0.00	   0.00	   0	   1	   	  	   0	  
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Ecoregion	  /	  LAKEID	  
Agriculture	  
(%)	  

Developed	  
(%)	  

Road	  Density	  
(m/km2)	  

Pop.	  Density	  
(people/km2)	   CAFOs	   LSD	  

Cascades	  (cont.)	   	   	   	   	   	   	  
MEMALOOSE	   0.00	   0.00	   158	   1	   	  	   0	  
MERRILL-‐LANE	   0.00	   0.00	   0	   1	   	  	   0	  
MIDDLE	  GOODFELLOW-‐
MTHD	   0.00	   0.00	   6075	   4	   	  	   3	  
MIDDLE	  GREEN	   0.00	   0.00	   0	   0	   	  	   0	  
MIDDLE	  ROCK	   0.00	   0.00	   1580	   1	   	  	   0	  
MINK	   0.00	   0.00	   0	   0	   	  	   0	  
MIRROR-‐CLACKAMA	   0.00	   0.00	   0	   2	   	  	   0	  
MONON	   0.00	   0.00	   1734	   3	   	  	   3	  
MOOLACK	   0.00	   0.00	   0	   79	   	  	   0	  
MOWICH-‐LINN	   0.00	   0.00	   0	   0	   	  	   0	  
NORTH	  FORK	   0.01	   0.43	   1854	   1	   	  	   11	  
NORTH-‐HOOD	  RIV	   0.00	   0.00	   0	   61	   	  	   0	  
ODELL	   0.00	   1.10	   615	   1	   	  	   12	  
OLALLIE-‐MARION	   0.00	   0.00	   1467	   3	   	  	   8	  
OTTERTAIL-‐MTHD	   0.00	   0.00	   2819	   4	   	  	   11	  
PAMELIA	   0.00	   0.00	   0	   0	   	  	   0	  
PANSY	   0.00	   0.00	   0	   3	   	  	   0	  
PAULINA	   0.00	   0.00	   695	   1	   	  	   7	  
PENN	   0.00	   0.00	   0	   0	   	  	   0	  
PLAZA	   0.00	   0.00	   3750	   1	   	  	   0	  
PYRAMID-‐CLACKAMA	   0.00	   0.00	   1595	   0	   	  	   1	  
RED	   0.00	   0.00	   0	   11	   	  	   0	  
ROSLYN-‐ORATL	   13.81	   4.13	   2835	   4	   	  	   9	  
ROUND-‐MARION	   0.00	   0.00	   1267	   2	   	  	   6	  
SCOTT-‐LANE	   0.00	   1.74	   587	   2	   	  	   5	  
SERENE-‐CLACKAMA	   0.00	   0.00	   0	   2	   	  	   0	  
SHEEP-‐MARION	   0.00	   0.00	   0	   16	   	  	   0	  
SHELLROCK-‐CLACKAMA	   0.00	   0.00	   1467	   2	   	  	   0	  
SHINING	   0.00	   0.00	   0	   0	   	  	   0	  
SI	   0.00	   0.00	   397	   2	   	  	   1	  
SKOOKUM	  POND	   0.00	   0.00	   4233	   1	   	  	   3	  
SLIDE	  CREEK-‐MTHD	   0.00	   0.00	   3093	   0	   	  	   1	  
SMITH-‐ORATL	   0.00	   0.02	   877	   1	   	  	   4	  
SPARKS	   0.00	   1.24	   334	   3	   	  	   4	  
SUMMIT-‐CLACKAMA	   0.00	   0.00	   0	   0	   	  	   1	  
SUMMIT-‐KLAMATH	   0.00	   0.04	   360	   1	   	  	   5	  
SURPRISE-‐CLACKAMA	   0.00	   0.00	   2667	   0	   	  	   3	  
SURPRISE-‐MARION	   0.00	   0.00	   160	   2	   	  	   4	  
SUTTLE	   0.00	   4.20	   4707	   3	   	  	   12	  
THREE	  CREEK	   0.00	   0.00	   1732	   3	   	  	   4	  
TIMOTHY	   0.06	   0.54	   2335	   0	   	  	   9	  
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Ecoregion	  /	  LAKEID	  
Agriculture	  
(%)	  

Developed	  
(%)	  

Road	  Density	  
(m/km2)	  

Pop.	  Density	  
(people/km2)	   CAFOs	   LSD	  

Cascades	  (cont.)	   	   	   	   	   	   	  
TIMPANOGAS	   0.00	   0.00	   107	   0	   	  	   0	  
TODD	   0.00	   1.43	   0	   1	   	  	   0	  
TOKETEE	   0.00	   0.59	   2641	   1	   	  	   8	  
TORREY-‐ORATL	   0.00	   0.40	   348	   0	   	  	   0	  
TRAIL	  BRIDGE-‐ORATL	   0.00	   1.30	   1616	   1	   	  	   6	  
TRILLIUM	   0.00	   0.00	   5510	   4	   	  	   9	  
UPPER	  TWIN-‐MTHD	   0.00	   0.00	   0	   1	   	  	   0	  
WAHTUM	   0.00	   0.00	   1761	   4	   	  	   1	  
WALDO-‐LANE	   0.00	   0.16	   380	   2	   	  	   2	  
WALL	   0.00	   0.00	   0	   88	   	  	   0	  
WARREN	   0.00	   0.00	   3551	   18	   	  	   0	  
WELCOME-‐MARION	   0.00	   0.00	   0	   11	   	  	   0	  
WILLOW-‐ORATL	   0.00	   0.59	   2131	   1	   	  	   7	  
WINDY	   0.00	   0.00	   0	   12	   	  	   0	  
WINOPEE	   0.00	   0.00	   0	   5	   	  	   0	  

Coast	  Range	   	   	   	   	   	   	  
BEALE	   0.00	   4.00	   1191	   34	   	  	   1	  
CARTER	   0.00	   11.82	   5446	   3	   	  	   10	  
CLEAR-‐LANE	   0.00	   4.76	   2013	   5	   	  	   2	  
CLEAR-‐DOUGLAS	   0.00	   3.33	   2573	   5	   	  	   11	  
CLEAWOX	   0.00	   11.55	   2777	   1	   	  	   7	  
COFFENBURY	   0.00	   7.28	   1708	   143	   	  	   5	  
COLLARD	   0.00	   8.94	   4212	   34	   	  	   5	  
CROFT	   9.65	   8.11	   3511	   25	   	  	   7	  
CULLABY	   0.00	   8.56	   2800	   64	   	  	   13	  
DEVILS-‐LINCOLN	   0.00	   17.98	   5821	   141	   	  	   15	  
ECKMAN-‐ORATL	   0.00	   7.92	   3962	   44	   	  	   11	  
EEL	   0.03	   0.86	   407	   8	   	  	   5	  
ELBOW-‐DOUGLAS	   0.00	   7.23	   4882	   208	   	  	   6	  
FLORAS	   4.83	   7.73	   2409	   1	   	  	   5	  
GARRISON	   0.14	   27.06	   7854	   1	   	  	   11	  
HORSFALL	  SPIRIT	   0.00	   3.74	   1519	   5	   	  	   1	  
JOHNSONLOGPOND	   2.12	   6.40	   2572	   15	   	  	   8	  
LAKE	  CREEK	  IMPOUND	   0.00	   6.59	   2669	   3	   	  	   2	  
EDNA	   0.00	   0.00	   0	   236	   	  	   4	  
LYTLE	   0.00	   15.46	   6338	   9	   	  	   10	  
MARIE-‐DOUGLAS	   0.00	   6.68	   4362	   106	   	  	   3	  
LAUREL	   10.78	   9.57	   5385	   697	   	  	   4	  
LOON-‐DOUGLAS	   1.55	   6.72	   3950	   6	   	  	   14	  
MERCER	   0.00	   6.05	   2528	   0	   	  	   7	  
MUNSEL	   0.20	   3.65	   1586	   4	   	  	   2	  
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Ecoregion	  /	  LAKEID	  
Agriculture	  
(%)	  

Developed	  
(%)	  

Road	  Density	  
(m/km2)	  

Pop.	  Density	  
(people/km2)	   CAFOs	   LSD	  

Coast	  Range	  (cont.)	   	   	   	   	   	   	  
NORTH	  TENMILE	   0.75	   3.50	   1438	   5	   	  	   12	  
OLALLA-‐ORATL	   0.00	   6.86	   2336	   7	   	  	   1	  
NLA06608-‐0402	   0.00	   19.11	   1618	   97	   	  	   13	  
RINKCREEKRESERVOIR	   0.00	   3.90	   97	   3883	   	  	   2	  
SAUNDERS	   0.00	   22.33	   10004	   235	   	  	   10	  
SILTCOOS	   0.33	   4.49	   2127	   9	   	  	   7	  
SMITH-‐CLATSOP	   0.00	   32.96	   8560	   46	   	  	   11	  
SMITH-‐MAGRUDER	   0.00	   31.72	   11220	   147	   	  	   6	  
SUNSET-‐CLATSOP	   0.00	   30.20	   6441	   548	   	  	   13	  
SUTTON	   0.00	   7.67	   3420	   10	   	  	   10	  
TAHKENITCH	   0.02	   4.81	   2433	   3	   	  	   9	  
TENMILE	   1.31	   3.37	   1720	   16	   	  	   12	  
THREEMILE	   0.00	   0.00	   492	   356	   	  	   0	  
TOWN	   0.00	   6.73	   3146	   620	   	  	   6	  
TRIANGLE-‐LANE	   5.87	   6.01	   2962	   3	   2	   13	  
VALSETZ-‐ORATL	   0.09	   5.45	   2164	   32	   	  	   6	  
VERNONIA	  MILL-‐ORATL	   1.05	   4.13	   2419	   9	   	  	   18	  
WOAHINK	   0.00	   12.49	   3934	   315	   	  	   11	  

Columbia	  Plateau	  	   	   	   	   	   	   	  
COLD	  SPRINGS	   77.13	   2.76	   1286	   6	   1	   8	  
LOST-‐UMATILLA	   67.64	   1.88	   724	   1	   	  	   6	  
MCKAY-‐UMATILLA	   11.88	   2.27	   1564	   5	   	  	   5	  

Eastern	  Cascades	  	   	   	   	   	   	   	  
R8	   0.00	   0.00	   1669	   236	   	  	   1	  
BUMPHEAD-‐ORATL	   0.00	   0.00	   32	   1	   	  	   1	  
AGENCY	   26.62	   2.20	   2310	   1	   	  	   11	  
COTTONWOOD	  MEADOW-‐
ORATL	   0.00	   0.00	   2540	   59	   	  	   5	  
CRANE	  PRAIRIE	   0.00	   0.47	   1244	   4	   	  	   2	  
CROW	  CREEK	  RES-‐MTHD	   0.00	   0.00	   1116	   4	   	  	   3	  
CULTUS	   0.00	   0.00	   52	   0	   	  	   4	  
DAVIS-‐KLAMATH	   0.03	   0.77	   1948	   2	   	  	   1	  
DEVIL-‐ORATL	   0.00	   0.00	   2767	   166	   	  	   3	  
DREWS-‐ORATL	   0.40	   0.51	   2510	   2	   	  	   1	  
GERBER-‐ORATL	   0.14	   0.00	   1820	   1	   	  	   0	  
JOHN	  C.	  BOYLE-‐ORATL	   1.64	   0.82	   3662	   0	   	  	   7	  
NLA06608-‐0290	   5.77	   0.00	   1962	   1	   	  	   4	  
UPPER	  KLAMATH	   4.05	   0.83	   2894	   2	   	  	   15	  
EWAUNA	   9.14	   13.94	   4179	   118	   	  	   13	  
LITTLE	  CULTUS	   0.00	   0.01	   791	   4	   	  	   4	  
MILLER-‐KLAMATH	   0.00	   0.33	   258	   0	   	  	   3	  
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Ecoregion	  /	  LAKEID	  
Agriculture	  
(%)	  

Developed	  
(%)	  

Road	  Density	  
(m/km2)	  

Pop.	  Density	  
(people/km2)	   CAFOs	   LSD	  

Eastern	  Cascades	  (cont.)	   	   	   	   	   	   	  
NORTH	  TWIN-‐DESCHU	   0.00	   0.00	   4067	   93	   	  	   2	  
OBENCHAIN-‐ORATL	   0.00	   0.00	   922	   1046	   	  	   1	  
PINE	  HOLLOW-‐ORATL	   1.56	   6.53	   2420	   0	   	  	   13	  
ROCK	  CREEK	  RES-‐MTHD	   0.00	   0.00	   2733	   2	   	  	   8	  
ROUND	  VALLEY-‐ORATL	   0.00	   0.00	   590	   1	   	  	   1	  
SOUTH	  TWIN-‐DESCHU	   0.00	   0.00	   880	   50	   	  	   4	  
SPRING-‐KLAMATH	   67.08	   4.78	   2105	   17	   1	   9	  
STRAWBERRY	  RES-‐ORATL	   0.00	   0.00	   2329	   2	   	  	   5	  
THOMPSON	  VALLEY-‐ORATL	   0.00	   0.00	   2720	   0	   	  	   1	  
WICKIUP	   0.02	   0.65	   2823	   5	   	  	   6	  
WILLOW	  VALLEY-‐ORATL	   1.29	   0.00	   804	   0	   	  	   2	  

Klamath	  Mountains	  	   	   	   	   	   	   	  
AGATE-‐ORATL	   7.01	   0.97	   670	   85	   	  	   5	  
NLA06608-‐0614	   0.06	   0.31	   3301	   87	   	  	   12	  
EMIGRANT-‐ORATL	   0.46	   2.63	   2325	   0	   	  	   5	  
R17	   0.20	   0.23	   3427	   0	   	  	   10	  
LOST	  CREEK-‐ORATL	   0.10	   0.53	   2023	   1	   	  	   4	  
PLAT	  I-‐ORATL	   21.64	   0.88	   3443	   26	   	  	   11	  
SELMAC-‐ORATL	   0.00	   5.43	   2253	   17	   	  	   9	  
SQUAW-‐ORATL	   0.00	   3.05	   2089	   74	   	  	   1	  

Northern	  Basin	  and	  Range	   	   	   	   	   	   	  
NLA06608-‐1445	   13.84	   0.00	   1516	   0	   	  	   6	  
R2	   0.00	   0.45	   538	   0	   	  	   1	  
CHICKAHOMINY-‐ORATL	   1.24	   1.36	   1516	   1	   	  	   6	  
FISH-‐HARNEY	   0.00	   0.00	   4024	   279	   	  	   2	  
R22	   0.00	   0.00	   983	   1	   	  	   2	  
NLA06608-‐1266	   0.00	   0.00	   928	   0	   	  	   1	  
MALHEUR	   20.34	   1.94	   1549	   0	   4	   4	  
NLA06608-‐0306	   3.77	   0.77	   2060	   1	   	  	   1	  
R30	   0.00	   0.00	   1153	   0	   	  	   3	  
MUD-‐HARNEY	   10.82	   0.98	   1412	   0	   3	   1	  
NLA06608-‐2438	   0.00	   0.45	   969	   0	   	  	   0	  
R35	   0.00	   0.51	   663	   0	   	  	   3	  
ROCK	  CREEK-‐ORATL	   0.00	   0.00	   599	   0	   	  	   3	  
WARM	  SPRINGS	   0.54	   0.18	   1445	   0	   1	   1	  

Snake	  River	  Plain	   	   	   	   	   	   	  
BULLY	  CREEK	   0.22	   0.49	   1029	   0	   	  	   4	  

Willamette	  Valley	   	   	   	   	   	   	  
BLUE-‐MULTNOMA	   0.00	   38.22	   2814	   98054	   	  	   12	  
BYBEE	   8.32	   24.50	   1157	   24730	   	  	   10	  
COTTAGE	  GROVE-‐ORATL	   1.68	   1.32	   2155	   5	   	  	   10	  
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Ecoregion	  /	  LAKEID	  
Agriculture	  
(%)	  

Developed	  
(%)	  

Road	  Density	  
(m/km2)	  

Pop.	  Density	  
(people/km2)	   CAFOs	   LSD	  

Willamette	  Valley	  (cont.)	   	   	   	   	   	   	  
DEXTER-‐ORATL	   0.27	   0.83	   1564	   2	   	  	   12	  
DORENA-‐ORATL	   0.41	   0.19	   1877	   3	   	  	   8	  
FALL	  CREEK	   0.16	   0.01	   1803	   1	   	  	   6	  
FERN	  RIDGE	  RES-‐DEVI1	   17.39	   12.02	   3518	   116	   1	   13	  
HENRY	  HAGG-‐ORATL	   0.85	   2.80	   1638	   6	   	  	   10	  
OSWEGO	   3.04	   68.27	   15581	   1106	   	  	   11	  
LOOKOUT	  POINT-‐ORATL	   0.21	   0.77	   1543	   2	   	  	   9	  
RIVER	  MILL	  RES-‐CLACK2	   26.66	   13.05	   5902	   44	   	  	   11	  
SMITH-‐MULTNOMA	   5.56	   15.31	   1429	   26115	   	  	   7	  
STURGEON	   16.63	   1.22	   865	   40	   	  	   7	  
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APPENDIX C  
 
 
 

Raw Categorical Variable Data 
 
 
 
APPENDIX C – Legend of Variables 
Abbreviation Variable 
Elev. Elevation (m) 
Max. Depth Maximum Lake Depth (m)  
LSA Lake Surface Area (m2)  
Wet Wetlands (%)  
DF Deciduous Forest (%)  
WRT Water Residence Time (years)  
Precip Precipitation (in/year)  
Slope Watershed Slope (%)  
CEC Cation Exchange Capacity (meq/100 mg soil)  
Perm Permeability (in/hr)  
RO (cfs) - 3 
TP (ug/L) 
TN (ug/L) 
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Reference	  Site	  Classification	  Variables	  and	  Nutrient	  Concentrations	  

LAKEID	  
Elev.	  
(m)	  

Max.	  
Depth	  
(m)	   LSA	  (m2)	  

Wet	  
(%)	  

DF	  
(%)	  

WRT	  
(years)	  

Precip.	  
(in/year)	  

Slope	  
(%)	  

CEC	  	  
meq/100	  mg	  soil	  

Perm	  
(in/hr)	  

RO	  
(cfs)	  

TP	  
(ug/L)	  

TN	  
(ug/L)	  

FISH-‐HARNEY	   2,248	   6.00	   64,752	   0	   0	   2.00	   38.8	   60	   0	   0	   1.24	   13	   279	  

R22	   4,613	   5.80	   437,076	   0.14	   0	   6.70	   21.1	   20	   22.5	   1.17	   0.35	   73	   274	  
R35	   4,650	   3.80	   857,964	   0.91	   0	   0.110	   9.86	   4.0	   0	   20.0	   8.71	   201	   365	  
ROCK	  CREEK-‐
ORATL	   4,682	   3.70	   1,201,959	   0.09	   0	   25.0	   10.9	   7.5	   0	   0.900	   6.23	   340	   289	  

4C1-‐034	   7,802	   1.30	   18,000	   0	   0	   2.30	   57.0	   9.0	   0	   1.30	   2.66	   8	  
	  GLACIER	   8,200	   38.1	   190,209	   0	   0	   0.400	   74.8	   80	   0	   0	   2.41	   17	   250	  

JOHN	  HENRY-‐
WLS	   7,162	   4.90	   53,000	   0	   0	   3.90	   57.4	   16	   0	   1.17	   4.94	   11	   -‐	  

LITTLE	  FRAZIER	   7,482	   3.10	   20,000	   0.45	   0	   61.0	   71.3	   80	   0	   0	   2.18	   5	   -‐	  
LONG-‐WLS	   7,082	   29.8	   205,000	   0.12	   0	   1.30	   64.7	   65	   0	   0.270	   3.24	   4	   -‐	  

MINAM-‐ORATL	   7,370	   8.53	   214,491	   0.25	   0	   1.40	   67.5	   35	   0	   0.820	   7.90	   13	   240	  
MIRROR-‐
WALLOWA-‐
ORATL	   7,650	   22.9	   105,222	   0	   0	   1.70	   68.6	   53	   0	   0.490	   2.44	   18	   270	  
NLA06608-‐
0625	   2,257	   12.9	   68,799	   0	   0	   1.00	   37.0	   9.0	   0	   1.30	   1.87	   1	   55	  
NLA06608-‐
1073	   2,394	   29.0	   259,008	   0.19	   0	   0.830	   53.7	   70	   0	   0.180	   8.40	   3	   68	  

POCKET	   8,203	   16.1	   45,000	   0	   0	   0.590	   64.7	   80	   0	   0	   4.23	   2	   -‐	  
RAZZ-‐WLS	   8,122	   6.50	   29,000	   0	   0	   4.30	   54.6	   67	   0	   0.230	   3.11	   4	   -‐	  

STRAWBERRY	   1,915	   6.00	   145,692	   0.05	   0	   8.70	   40.1	   9.0	   0	   1.30	   0.900	   72	   423	  
SWAMP-‐WLS	   7,802	   7.70	   28,000	   0	   0	   7.70	   68.4	   80	   0	   0	   2.87	   4	   -‐	  

TRAVERSE	   7,662	   6.80	   46,000	   0	   0	   4.30	   64.0	   63	   0	   0.310	   1.74	   5	   -‐	  
NLA06608-‐
1266	   1,752	   1.50	   113,316	   1.9	   0	   15.0	   11.9	   4.0	   0	   0.400	   18.8	   933	   2228	  
NLA06608-‐
2438	   1,636	   1.70	   254,961	   0.24	   0	   62.0	   10.4	   3.9	   0	   0.410	   1.99	   636	   1674	  
R2	   5,231	   4.00	   607,050	   0.88	   0	   1.80	   9.34	   2.3	   0	   0.920	   4.36	   344	   385	  
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LAKEID	  
Elev.	  
(m)	  

Max.	  
Depth	  
(m)	   LSA	  (m2)	  

Wet	  
(%)	  

DF	  
(%)	  

WRT	  
(years)	  

Precip.	  
(in/year)	  

Slope	  
(%)	  

CEC	  
meq/100	  mg	  soil	  

Perm	  
(in/hr)	  

RO	  
(cfs)	  

TP	  
(ug/L)	  

TN	  
(ug/L)	  

DEVIL-‐ORATL	   4,820	   5.79	   283,290	   0	   0	   0.210	   17.0	   5.9	   0	   0.050	   2.12	   174	   570	  
BUMPHEAD-‐
ORATL	   4,740	   4.57	   360,183	   0.07	   0	   1.30	   16.1	   8.0	   32.5	   1.30	   42.4	   65	   760	  
OBENCHAIN-‐
ORATL	   4,645	   5.49	   263,055	   0.96	   0	   1.40	   17.2	   12	   0	   1.05	   5.12	   46	   540	  

R8	   5,200	   1.10	   485,640	   0.66	   0	   3.10	   16.0	   4.9	   0	   0.860	   396	   23	   598	  
ROUND	  
VALLEY-‐ORATL	   4,915	   1.83	   1,254,570	   0.32	   0	   0.960	   17.0	   8.0	   32.5	   1.30	   1.34	   83	   1940	  
THOMPSON	  
VALLEY-‐ORATL	   4,953	   6.71	   7,292,694	   3.0	   0	   3.20	   25.6	   7.6	   3.81	   12.2	   2.14	   32	   440	  
EMIGRANT-‐
ORATL	   684	   21.8	   3,553,266	   0.05	   3.0	   1.20	   25.7	   18	   13.0	   0.760	   20.6	   17	   496	  
CROW	  CREEK	  
RES-‐MTHD	   2,500	   19.8	   105,000	   0	   0	   9.20	   46.7	   20	   12.1	   3.16	   6.79	   16	   -‐	  
COTTAGE	  
GROVE-‐ORATL	   790	   22.3	   4,609,533	   0.50	   0.10	   3.70	   62.9	   15	   0	   0.880	   35.8	   2	   -‐	  
FALL	  CREEK	   834	   49.1	   7,527,420	   0.35	   0.34	   2.20	   76.2	   15	   6.89	   0.900	   77.3	   2	   -‐	  
LOST	  CREEK-‐
ORATL	   1,872	   98.1	   13,873,120	   0.08	   0.02	   1.60	   54.0	   13	   5.36	   2.92	   72.6	   11	   250	  
DORENA-‐
ORATL	   835	   29.6	   7,446,480	   0.10	   0.25	   4.10	   59.7	   16	   8.57	   0.950	   66.3	   3	   -‐	  
LOOKOUT	  
POINT-‐ORATL	   929	   71.3	   17,644,920	   0.14	   0.04	   3.20	   70.4	   15	   15.4	   1.75	   177	   3	   -‐	  
CULTUS	   4,668	   64.3	   3,201,177	   0.24	   0	   0.540	   60.1	   14	   0	   6.50	   14.9	   4	   -‐	  

CAMPERS	   4,841	   1.30	   32,000	   0	   0	   76.0	   101	   18	   0	   4.00	   106	   15	   -‐	  
SUMMIT-‐
CLACKAMA	   4,200	   1.20	   40,470	   0	   0	   57.0	   68.2	   18	   0	   4.00	   2.96	   13	   -‐	  
4B2-‐002	   5,862	   1.80	   23,000	   0.61	   0	   123	   58.5	   18	   0	   4.00	   43.2	   3	   -‐	  

4B2-‐004	   5,942	   10.7	   34,000	   0	   0	   4.81	   73.6	   18	   0	   4.00	   1.77	   7	   -‐	  
4B2-‐006	   5,002	   4.60	   26,000	   0	   0	   4.33	   73.0	   18	   0	   4.00	   6.27	   10	   -‐	  

ABERNETHY	   4,801	   3.70	   24,000	   0.90	   0	   9.03	   72.5	   18	   0	   4.00	   43.4	   10	   -‐	  

AVERILL	   4,680	   4.00	   52,611	   0	   0	   10.1	   76.2	   29	   15.0	   4.00	   0.95	   4	   -‐	  
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BEAR-‐MARION	   5,242	   4.70	   28,000	   0	   0	   5.95	   87.0	   29	   15.0	   4.00	   8.51	   1	   -‐	  

BIG	  SLIDE	   4,200	   3.00	   12,141	   0	   0	   50.2	   94.5	   18	   0	   4.00	   4.92	   10	   -‐	  
BOULDER-‐
HOOD	  RIV	   4,550	   5.50	   56,658	   0	   0	   2.74	   81.5	   17	   0	   1.30	   3.34	   8	   -‐	  
BUCK-‐
CLACKAMA	   4,080	   9.10	   40,470	   0	   0	   1.30	   68.0	   17	   0	   4.00	   12.7	   95	   -‐	  
BURNT	   4,101	   7.60	   25,000	   0	   0	   3.68	   94.7	   17	   0	   4.00	   4.92	   4	   -‐	  
CAMP-‐
DESCHUTE	   6,950	   6.00	   26,400	   0.75	   0	   33.9	   118	   80	   0	   0	   19.8	   0	   410	  
CATALPA-‐
MTHD	   4,420	   2.40	   12,141	   0	   0	   9.02	   62.3	   18	   0	   4.00	   14.8	   32	   -‐	  
DIAMOND	  
VIEW	   5,802	   2.40	   51,000	   0	   0	   41.8	   77.1	   18	   0	   4.00	   43.1	   0	   -‐	  
DORIS	   5,310	   28.9	   279,243	   0	   0	   1.47	   82.6	   18	   0	   4.00	   99.0	   3	   340	  

EILEEN	   5,802	   3.30	   22,000	   0	   0	   5.13	   110	   59	   0	   1.30	   29.8	   14	   -‐	  
GRASS-‐
KLAMATH	   6,022	   1.50	   120,000	   4.3	   0	   51.1	   72.2	   18	   0	   4.00	   5.81	   10	   -‐	  
HARRIETTE	   6,750	   24.1	   161,880	   0	   0	   0.440	   50.2	   6.0	   0	   1.30	   12.8	   9	   240	  

HARVEY-‐LANE	   5,242	   6.40	   80,000	   0	   0	   3.45	   73.8	   18	   0	   4.00	   148	   0	   -‐	  
HEART-‐LINN	   4,761	   6.70	   34,000	   0	   0	   8.90	   127	   18	   0	   4.00	   2.60	   2	   -‐	  
HEAVENLY	  
TWIN-‐KLAMAT	   5,975	   3.05	   84,987	   0.25	   0	   30.2	   61.8	   18	   0	   4.00	   8.55	   9	   240	  

HELEN	   5,242	   6.80	   30,000	   0	   0	   1.26	   73.5	   18	   0	   4.00	   16.0	   1	   -‐	  
ISHERWOOD	   5,982	   4.80	   75,000	   0	   0	   4.86	   73.6	   18	   0	   4.00	   1.77	   1	   -‐	  
ISLAND-‐
KLAMATH	   5,906	   6.40	   165,927	   0.72	   0	   4.10	   58.6	   18	   0	   4.00	   37.0	   9	   240	  

KRAG	   5,467	   5.20	   22,000	   0	   0	   12.7	   85.4	   18	   0	   4.00	   2.37	   4	   -‐	  
KUITAN	   4,201	   4.10	   21,000	   0	   0	   34.6	   89.8	   16	   21.9	   2.82	   43.1	   7	   -‐	  

LENORE	   4,880	   3.00	   20,235	   0	   0	   7.24	   89.5	   18	   0	   4.00	   2.48	   10	   -‐	  
LINTON	   3,502	   28.9	   202,350	   0.03	   0	   18.4	   117	   47	   6.39	   1.72	   25.4	   32	   240	  
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LOWER	  
EDDEELEO	   4,820	   37.5	   420,888	   0	   0	   0.770	   74.1	   17	   9.47	   3.49	   53.2	   2	   240	  
LOWER	  TWIN-‐
MARION	   3,780	   12.2	   52,611	   0	   0	   10.4	   106	   17	   0.890	   3.95	   18.2	   6	   -‐	  
LOWER	  TWIN-‐
MTHD	   4,150	   5.50	   76,893	   0	   0	   3.37	   77.0	   18	   0	   4.00	   2.42	   4	   -‐	  

MC	  KEE	   5,782	   2.90	   22,000	   0	   0	   3.74	   54.2	   18	   0	   4.00	   51.5	   2	   -‐	  
MEEK	   5,582	   10.1	   61,000	   0	   0	   1.94	   70.3	   18	   0	   4.00	   46.0	   3	   -‐	  

MERRILL-‐LANE	   5,102	   3.00	   23,000	   0.38	   0	   51.2	   75.0	   17	   0.670	   3.96	   4.14	   3	   -‐	  
MIDDLE	  
GREEN	   6,505	   16.8	   335,901	   0	   0	   3.76	   114	   80	   0	   0	   32.6	   74	   36-‐5	  
MINK	   5,034	   25.9	   562,533	   0	   0	   0.260	   74.3	   18	   0	   4.00	   4.32	   1	   250	  
MIRROR-‐
CLACKAMA	   4,101	   4.00	   23,000	   0	   0	   14.6	   82.6	   18	   0	   4.00	   2.55	   9	   -‐	  

MOOLACK	   4,361	   6.10	   47,000	   0	   0	   2.34	   70.0	   14	   50.0	   1.30	   183	   3	   -‐	  
MOWICH-‐LINN	   5,077	   15.9	   198,303	   0	   0	   2.56	   85.7	   33	   13.7	   3.65	   4.14	   5	   240	  
NORTH-‐HOOD	  
RIV	   3,989	   1.80	   35,000	   0	   0	   9.79	   84.1	   17	   0	   1.30	   5.82	   11	   -‐	  

NOTASHA	   6,022	   10.3	   27,000	   0	   0	   1.37	   59.0	   18	   0	   4.00	   6.45	   1	   -‐	  
PAMELIA	   3,884	   4.57	   194,256	   0.20	   0	   41.7	   97.1	   36	   13.1	   3.48	   27.0	   32	   240	  

PANSY	   4,000	   1.20	   20,235	   0	   0	   70.5	   97.2	   17	   5.94	   3.68	   7.87	   3	   -‐	  
PENN	   4,771	   1.50	   57,000	   0.41	   0	   110	   81.2	   17	   8.85	   3.52	   2.84	   5	   -‐	  

RED	   4,600	   1.50	   24,282	   0	   0	   5.87	   76.0	   29	   15.0	   4.00	   1.17	   9	   -‐	  
SERENE-‐
CLACKAMA	   4,265	   14.0	   101,175	   0	   0	   1.22	   84.1	   18	   0	   4.00	   4.78	   4	   -‐	  
SHEEP-‐
MARION	   4,150	   2.70	   20,235	   0	   0	   11.3	   84.7	   76	   0.930	   0.25	   4.06	   3	   -‐	  
SHINING	   3,950	   7.90	   64,752	   0	   0	   2.30	   81.3	   17	   9.73	   3.47	   4.90	   5	   -‐	  
UPPER	  TWIN-‐
MTHD	   4,150	   1.20	   56,658	   0	   0	   9.45	   76.4	   18	   0	   4.00	   3.95	   3	   -‐	  

WALL	   4,840	   3.70	   24,282	   0	   0	   8.67	   76.2	   29	   15.0	   4.00	   0.59	   4	   -‐	  
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WELCOME-‐
MARION	   4,000	   2.40	   24,282	   0	   0	   18.4	   92.0	   18	   0	   4.00	   18.9	   8	   -‐	  
WINDY	   6,222	   4.90	   68,000	   0	   0	   2.01	   77.8	   18	   0	   4.00	   9.83	   5	   -‐	  

WINOPEE	   4,951	   12.8	   392,559	   0.38	   0	   5.79	   71.0	   25	   0	   17.0	   2.83	   3	   250	  
HENRY	  HAGG-‐
ORATL	   305	   18.0	   4,666,191	   0.41	   0.84	   1.70	   64.8	   13	   0	   21.3	   40.4	   17	   93	  
EDNA	   68	   10.5	   141,645	   1.4	   0	   0.490	   73.3	   15	   0	   20.0	   6.68	   3	   148	  

EEL	   61	   19.8	   1,436,685	   2.6	   0.13	   0.940	   73.1	   16	   0	   5.76	   12.5	   11	   -‐	  
BEALE	   32	   3.96	   526,110	   42	   0	   1.40	   64.9	   15	   0	   20.0	   6.15	   12	   270	  

CLEAR-‐LANE	   30	   22.0	   619,191	   3.2	   0.63	   0.310	   74.9	   15	   0	   16.4	   11.4	   5	   110	  
HORSFALL	  
SPIRIT	   8	   1.40	   825,588	   35	   0	   7.96	   64.0	   15	   0	   20.0	   158	   35	   557	  
MUNSEL	   90	   21.6	   445,170	   3.1	   0.98	   0.750	   74.2	   15	   0	   17.9	   19.3	   10	   -‐	  
RINKCREEKRES
ERVOIR	   403	   8.00	   45,000	   0	   0	   7.66	   66.3	   18	   0	   1.30	   1.93	   12	   280	  

THREEMILE	   20	   10.1	   254,961	   6.0	   0	   2.78	   68.9	   15	   0	   20.0	   60.2	   10	   -‐	  
	  


