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While Austin is often considered a leader in water quality management, it still 

has streams which are impaired. As urban development occurred in Austin, there 

appears to have been a diminishing regard for these creeks. As Austin receives the 

majority of its drinking-water supply from the Colorado River (a surface water source), 

there is a critical need to increase our understanding of  the relationship between 

development trends and water quality in order to continue the implementation of 

successful watershed planning strategies and regulations. Further, there is a need for 

the evaluation of watershed protection regulations that have already been established, 

in order to determine their success.  

This thesis presents data from an analysis of water quality of creeks in watersheds 

that were primarily developed prior to the passing of Austin’s first Comprehensive 

Watershed Ordinance (CWO) in 1986, compared to water quality of creeks in 

watersheds that were primarily developed after the Ordinance was adopted. This 

exploratory study investigated the following research questions: 
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• How does stream health differ between watersheds that were primarily 

developed prior to the passing of the CWO compared to those that were mostly 

developed after the CWO?   

• How do impervious cover, watershed size, soil type and watershed development 

affect stream health outcomes (metals, nutrients, macroinvertebrate 

biodiversity and water temperature) in the creeks under study and what are 

their empirical relationships?   

A total of forty-eight creeks were studied. Analysis included both GIS mapping 

and statistical methods. Three of the primary best management practices 

established by the CWO included riparian buffers, impervious cover regulations, and 

density controls. The findings reveal that post-CWO creeks have better stream 

health outcomes for lead, chromium, and nitrate concentrations. Water 

temperatures are generally lower in post-CWO creeks. Additionally, these creeks 

have greater macroinvertebrate biodiversity. Therefore, this study confirms that 

Austin’s watershed regulations do matter as they have had a positive impact on 

stream health in the city. The city should continue to focus on best management 

practices that will result in living streams, including: increasing riparian canopy cover 

throughout the city, promoting the development of rain gardens, establishing 

incentives for the use of impervious surface alternatives such as permeable pavers, 

and finally continue to educate and engage with Austinites regarding the protection 

of the city’s water network.  
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Chapter One: Introduction 
 

The development of land as a result of urban growth is considered to be one of 

the most significant environmental stressors on global landscapes (Nuissl et al., 2008). 

By 2050, 66% of the world’s population will be living in urban areas (United Nations, 

2014). As of 2014, 84% of the American population was urban (United Nations, 2014). 

This process of urbanization alters natural land uses by introducing residential, 

commercial, or industrial uses which increase the amount of impervious cover. 

Impervious cover is defined as any surface that does not effectively infiltrate rainfall. 

Some examples of impervious cover include roads, parking lots, and rooftops. The 

primary issue with impervious cover is that the atmospheric deposition on these 

surfaces creates toxic loads between rainfalls. As a result, nonpoint source pollution is a 

leading cause of waterbody impairment in the United States.  

As the growth in the number of people living in cities continues, so do the 

concerns over the associated environmental impacts. Some of these negative 

externalities of anthropogenic land use activity are manifested in surrounding 

waterbodies. There is a large body of literature regarding the physical, chemical and 

biotic impacts of land use development on urban and suburban streams (Schueler et al., 

2003; Nuissl et al., 2008; McBride and Booth, 2005; Christian et al., 2011, Julian et al, 

2015; Kratzer et al., 2006; Brabec et al., 2002; Tu and Xia, 2008; Lee et al., 2009; Walsh 

et al., 2005; Allan, 2004; Meyer, 1997; Meneses et al., 2015).  The growing knowledge of 

the associations between urbanization and the negative water quality implications has 

led to the coining of the term “urban stream syndrome” which is defined as “the 

consistently observed ecological degradation of streams draining urban land” (Walsh et 

al., 2005). The urban stream syndrome has wide-reaching effects which encompass 

aspects of human society, the environment, and the economy.  
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Research studies have shown that the implementation of water quality controls 

have a positive impact on the improvement in stormwater runoff quality when analyzed 

under controlled laboratory conditions (Thompson, 1980). Paulson (1988) indicates that 

the effectiveness of these water quality regulations are still to be determined in Austin’s 

unique topographical and geological conditions.  

The main objective of this exploratory study was to use existing water quality 

and land use data to determine the difference in stream health between watersheds 

that were mostly developed prior to the adoption of Austin’s first Comprehensive 

Watersheds Ordinance (CWO) in 1986 and those that were primarily developed after 

the passing of the CWO. The main hypothesis for this study was that post-CWO 

watersheds will exhibit better stream health in comparison to pre-CWO watersheds. 

Additionally, this study investigated the impacts of several natural and anthropogenic 

indicators on stream health parameters as well as their respective relationships.  The 

CWO placed primary focus on non-structural best management practices (BMPs). The 

three key BMPs implemented by the CWO were: riparian stream buffers, impervious 

cover regulations, and density controls.  

 

Specific objectives set for the current study were to:  

• Assess how impervious cover, watershed size, soil type and watershed 

development help to predict and affect stream health parameters (metals, 

nutrients, water temperature and macroinvertebrate biodiversity).  

• Determine how different stream health parameters (metals, nutrients, water 

temperature and macroinvertebrate biodiversity) vary between pre-CWO 

and post-CWO watersheds.  
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This study investigated the following research questions: 

• What is the relationship between impervious cover, watershed size, watershed 

development and stream health parameters? 

• How do impervious cover, watershed size, soil type and watershed development 

affect stream health parameters (metals, nutrients, water temperature and 

macroinvertebrate biodiversity)? 

• How does stream health differ between watersheds that were primarily 

developed prior to the CWO (pre-CWO) compared to those that were mostly 

developed after the CWO (post-CWO)? 

One of the anticipated contributions of the present study is the expansion of the 

existing knowledge base of development impacts on Austin’s streams. The findings of 

this study will be useful in the consideration of future land use development and 

watershed protection strategies in the city of Austin, particularly as the city sees itself as 

“a beacon of sustainability” (City of Austin, 2012). To my knowledge and upon 

conferring with City of Austin Watershed Protection Department planners, the focused 

comparison in stream health between pre-CWO and post-CWO streams has not been 

investigated. Further, the use of Environmental Integrity Index (EII) sediments data to 

directly compare stream health in the city has not been done before. The comparison of 

these creeks will determine the impact that Austin’s water quality controls have had on 

stream health in the city.  

 

Problem Statement  
 

The United States Environmental Protection Agency (2010) reports that 

approximately 10,320.7 square miles of Texas streams and rivers are impaired. 

Disregard for the negative implications of land use on surrounding streams has resulted 
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in a loss of aquatic life, increased flood risks, a loss of aesthetic appeal and recreational 

opportunities, and in worst cases, caused immediate risks to human health and safety. 

Furthermore, in many cities there is a detrimental disconnect between water-quality 

management and land use planning as “…a water-quality component often is missing in 

land-use plans and land-use planning is rarely used in water-quality management” 

(Wang, 2001).  

While Austin is often considered a leader in water quality management, it still 

has streams which are impaired. This is a concern because among other reasons, the 

city’s identity has been formed by its relationship to its natural water resources. In fact, 

Austin’s founding city grid was laid in relation to the paths of Waller Creek (east), Shoal 

Creek (west), and the Colorado River (south) (City of Austin, 2010). The historic 

significance of Austin’s streams and creeks was not only of value in terms of the city’s 

local identity, but their relations to larger rivers has shaped a state-wide identity (City of 

Austin, 2010).   

As urban development occurred in Austin, there appears to have been a 

diminishing regard for these creeks. The 2010 Waller Creek District Master Plan 

highlights this growing disconnect, stating “…projects that have been built in the last 

couple of decades turned away from the creek, locating parking and service functions 

along it” (City of Austin, 2010). Not only has development in recent decades forgotten 

the cultural significance of these streams, but the insensitive nature of the growth has 

resulted in significant issues regarding environmental health and safety such as flooding, 

pollution, and homeless encampments (City of Austin, 2010).   

Since the 1960s, the city of Austin has experienced a rate of growth that reaches 

an exponential level, with the majority of growth being classified as greenfield 

development and occurring on the urban periphery (Hilde, 2011).  This trend may have 

interesting implications as previous studies have found that “…new development plays a 
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more important role in affecting water quality in the areas with fast development but 

low percentages of developed land” (Tu and Xia, 2008).   

As Austin receives the majority of its drinking-water supply from the Colorado 

River (a surface water source), there is a critical need to extend the knowledge base 

regarding the relationship between development trends and water quality in order to 

continue to implement appropriate planning strategies for a sustainable future. Stream 

health is not only an issue that must be addressed by land use and environmental 

planners, but by citizens and communities as a whole. Meyer (1997) incorporates 

ecological integrity as well as human values into her definition of stream health, stating, 

“…a healthy stream is an ecosystem that is sustainable and resilient, maintaining its 

ecological structure and function over time while continuing to meet societal needs and 

expectations”. However, not all researchers see stream health as being integrative with 

stream integrity, but rather view them as two separate constructs (Karr, 1999).  

Water runoff from agricultural areas has increased nutrient loadings in 

surrounding water bodies, which in turn increases undesirable algae growth and causes 

fluctuations in the amount of dissolved oxygen. The rapid growth of algae can result in 

algae blooms which decrease the aesthetic appeal of streams, result in poor-tasting 

drinking water, and increase the costs of water treatment. As they decay, algae blooms 

cause an oxygen demand on the water which may result in deoxygenation and a loss of 

fish life (Dune and Leopold, 1978). This chain reaction significantly impairs the presence 

of favorable aquatic life whilst seeing a rise in the numbers of resilient taxa.  

The effects of impervious cover or “sealed surfaces” in urban areas is considered 

as having the most detrimental effect on stream health. Stormwater runoff from 

impervious surfaces (nonpoint source pollution) is considered the primary source of 

water pollution in the country and the concern is only growing due to continued 

development and growth (Lee et al., 2007). Streams and water bodies in urban areas 

often exhibit higher levels of toxic contaminants, nutrients, and sediment than their 
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rural counterparts. Land uses dedicated to industrial or transportation activities are 

typically known to be the primary sources of heavy metals such as: cadmium, copper, 

chromium, lead, nickel, and zinc (Lee et al., 2007). Previous studies have shown that 

industrial land uses exhibit the greatest concentrations of cadmium, chromium, lead, 

and nickel, whilst highways exhibited the greatest concentrations for copper and zinc 

(Lee et al., 2007). However, typical “motorway-derived contaminants” include vanadium 

(V), chromium (Cr), magnesium (Mn), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), 

Molybdenum (Mo), cadmium (Cd), antimony (Sb), and lead (Pb) (Hares and Ward, 1999). 

The sources of these heavy metals include: exhaust emissions, losses of vehicular 

lubricants, tire degradation, brake linings, and de-icing compounds (Hares and Ward, 

1999). Studies have shown that greater concentrations of these motorway-derived 

contaminants are associated with roads that have a higher daily traffic density (Hares 

and Ward, 1999).  

Urban streams tend to exhibit greater variations in stream flow and 

temperatures due to the lack of an intact riparian buffer. Riparian buffers are vegetated 

zones adjacent to a waterbody that protect it from non-point source pollution in 

addition to providing additional water quality benefits. Accelerated surface runoff, a 

reduced quantity of groundwater recharge, and the physical alteration of natural 

waterways are all negative effects of urban-area development. Reduced baseflows is 

another characteristic of waters in some highly urbanized areas due to high percentages  

of impervious cover (roads, parking lots and building footprints) (Braud et al., 2013), 

which causes a greater percentage of precipitation to be converted into stormwater 

surface runoff. However, some researchers report contradictory findings. Some urban 

areas have exhibited baseflows that are above natural levels due to the addition of 

anthropogenic water (Garcia-Fresca and Sharp, 2005), which can result from leaking 

pipes. During periods of heavy rainfall, urban streams are often plagued by “flashier” 

hydrographs. Hydrographs are a plot of (stormwater and baseflow) discharge rate 
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against time at a particular gauging station. Flashiness refers to the tendency of a 

stream to have increased cases of larger flow events which are characteristic of “faster 

ascending and descending limbs of the hydrograph” (Walsh et al., 2005).  

In the case of Austin, a large number of its prized recreational amenities are 

centered on its lake, streams, and parks. One may argue that these amenities enhance 

the quality of life of Austin’s residents. Such locational amenities also aid in drawing in 

new residents and allowing the city to grow both in terms of population and its 

economy. Urban growth in itself is not bad: it is the form and location of this growth 

that may have detrimental effects.  

Austin’s water network not only provides recreational opportunities, but is also 

home to unique aquatic life. Several endangered species live in Austin’s natural water 

bodies, including the Barton Springs Salamander, which is protected under the federal 

Endangered Species Act (1997). The findings from the federal investigation revealed that 

the primary threats to the Barton Springs Salamander was a decrease in water quality 

and quantity as a result of urban expansion (Karvonen, 2011).  

Unfortunately, the current state of Texan land use policies can be seen as the 

“quintessential recipe for urban sprawl; a confluence of strong property rights 

supporters, weak local and regional governments, and a lack of county and state 

regulations to direct urban growth” (Karvonen, 2011). However, at the same time, the 

City of Austin has often been considered at the forefront of environmental protection as 

they acknowledge that conservation of natural water resources is a top priority. 

Secondly, the city has also implemented several watershed ordinances and regulations 

to mitigate the negative impact of land use and development on the surrounding 

waterbodies. In 1974, the city enacted the Waterway Ordinance (WO) which was its first 

watershed protection ordinance. The most recent regulation was the Watershed 

Protection Ordinance (WPO), which was passed by City Council in October 2013. As the 

city is in the process of updating its Land Development Code, considerations for water 
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quality management could not be timelier. The Land Development Code is a set of 

regulations and processes that specify how land is used and developed in the city. This 

code regulates a range of activities including new development, redevelopment, zoning, 

subdivisions, water protection, and more.  

It is clear that urbanization has far-reaching effects when it comes to stream 

health, impacting the physical, chemical, and biological aspects of streams. Identifying 

anthropogenic stressors that impact biotic life in streams is vital to informing successful 

watershed management strategies.  

 

Summary of Findings  
 

The statistical analysis performed for this study revealed that a few of the 

watershed and anthropogenic variables in this study were significant predictors for 

stream health outcomes. Watershed Classification (pre-CWO or post-CWO) and Soil 

Type were significant predictors for chromium concentration. None of the 

independent variables included in the analysis for this study were found to be 

statistically significant predictors for nitrates or for lead. Watershed Classification, 

Developed Land, Soil Type, Nitrates and Water Temperature were found to be 

statistically significant predictors for macroinvertebrate taxa numbers. Finally, 

Watershed Classification, Impervious Cover and Soil Type were statistically 

significant predictors for Water Temperature.  

Overall, post-CWO creeks exhibited better stream health outcomes. Median 

values for lead in post-CWO creeks were 6.48 MG/KG lower in addition to chromium 

levels being 3.98 MG/KG lower. Median values of nitrate concentrations in post-

CWO creeks were also 0.25 MG/L lower. The median macroinvertebrate taxa 

numbers for post-CWO creeks were greater by six taxa. Finally, median water 
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temperatures in post-CWO creeks were also lower, with a difference of 0.57 degrees 

Celsius.  

 

Organization of Thesis  
 

This thesis is organized into a total of seven chapters. In chapter two, I review 

principal literature regarding water quality indicators of stream health, land use 

indicators that impact water quality, the key differences between urban and suburban 

stream health, spatial considerations of stream pollution, and finally watershed 

management strategies and policies. In chapter three, I discuss watershed management 

and planning in Austin. Included in this chapter is a brief description of the city’s 

Watershed Planning Department, an explanation of the city’s Environmental Integrity 

Index, and a review of the city’s watershed protection ordinances. Chapter four covers 

the research design and methods of this study. I begin by explaining the study design 

and setting, followed by the sample selection and sample size, a description of the 

watersheds and selection process, a description of the study dataset, and finally my plan 

of analysis. In chapter five, I present my study findings, beginning with the GIS analysis 

whereby I map the stream health variables included in this study. Following that 

analysis, I provide descriptive statistics on the independent and dependent variables. 

Subsequently, my bivariate analysis provides a further examination on the relationships 

between the predictor variables and the stream health outcomes. Following the 

bivariate analysis results, I provide the results of multiple regression analyses for the 

different stream health variables. After I have thoroughly explained the relationships 

between the study variables and the impact that the predictors have on stream health, I 

provide the results from the pre-CWO and post-CWO stream comparison in chapter six. 

My study conclusions and recommendations are discussed in chapter seven.  
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Chapter Two: Stream Health Indicators, Land Use Impacts, Water Quality 
Measurement, and Watershed Management  
 

This chapter contains five sub-sections. In the first part of this chapter, I review 

the water quality indicators that researchers have typically used in their study of stream 

health. Macroinvertebrate biodiversity is one of the most extensively studied aspects of 

stream health, therefore it is has proven validity. In this study, macroinvertebrate 

biodiversity is one of the stream health parameters included in the analysis.  

In part two, I discuss land use indicators. Impervious cover, or sealed surfaces, is 

among the most common anthropogenic land use indicators included when studying 

stream health. Additionally, impervious cover can serve as an indicator of development 

– with urban areas typically having higher percentages of development and hence 

impervious cover. Suburban areas generally have lower percentages of impervious 

cover. This distinction will have different effects on stream health and therefore 

provides a valuable comparison for the impacts of diverse development patterns. These 

findings are valuable as they can inform future land use policies.   

In part three, I delve deeper into the distinction between development patterns 

and their respective impacts on stream health. The key comparison I discuss is between 

urban and suburban land use types. Research generally reveals that pollutants such as 

heavy metals are characteristic of urban land use types due to increased roadway miles 

and vehicular use. Suburban areas typically exhibit increased nutrient pollution, due to 

agricultural uses or a greater amount of residential lawn area. This suggests that unique 

pollution control strategies will need to be considered for different development 

patterns and that it is not often a “one size fits all” scenario.  

I discuss the importance of spatial analysis when studying stream health in part 

four of this chapter. The study of stream health is complex, as an indefinite amount of 

factors can influence water quality. The scale at which stream health is studied will have 

a significant impact on the specificity of the findings. For example, using a smaller scale 
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of analysis will yield more detailed findings but may be more time consuming and costly. 

Further, researchers advocate for methods such as geospatial statistics, which can 

better pin-point particular land use types to their respective impacts on water quality.  

In the last section of this chapter, I review water quality management and 

policies. Here I discuss both the qualitative and quantitative strategies that researchers 

and policy makers adopt in order to maintain water quality standards. My discussion 

reviews quantitative methods which include the use of watershed models. On the 

qualitative spectrum, I review topics relating to the social aspects of water quality 

management, such as stakeholder participation. Identifying pollution sources is one part 

of water quality management. Successfully implementing appropriate management 

strategies and policies is the second part and is arguably more challenging.  

This chapter provides a review of the key components when studying stream 

health. Previous research has informed the selection of stream health variables and land 

use variables included in this study, in addition to the study methods. The literature on 

watershed management and policies has helped inform the suggestions and 

recommendations presented in the last chapter of this study.  

 

The Study of Stream Health  
 

Research has shown that the greater the amount of urbanization, the poorer the 

biological integrity in adjacent water bodies (Wang, 2001). Proximity to a stream or 

creek is also a key issue, as land uses closest to streams have the largest impact on the 

overall stream health (McBride and Booth, 2005; Meneses et al., 2015; Wang, 2001; 

Schueler, 1994).  

Different urban ecology frameworks have been used to study the relationship 

between urban development and water quality. Urban ecology has been defined as “the 

study of the relationship between people and their urban environment” (Park et al., 
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1925). In general, the numerous constructs and frames in the field of urban ecology 

have been classified as “ecology in cities” or “ecology of cities”. The former, “ecology in 

cities” largely focuses on the non-human organisms found in urban environments (Wu, 

2014). The latter, “ecology of cities” views the entire city as an ecosystem (Wu, 2014). 

Some researchers have proposed a novel, third category as a result of recent discourse 

in the field of urban studies. Wu (2014) suggests a “sustainability of cities” category. 

Chen et al. (2015) argue that anthropogenic land use impacts and land use planning are 

considered external forces on the environment whereas climate change and 

geographical movement are categorized as internal environmental forces. For planners, 

this can be broken down further into land use forces and non-land use forces (Chen et 

al., 2015). 

The approach that the present study employed was the urban landscape 

approach, which emerged in the 1990s and is nested under both the “ecology in cities” 

and “ecology of cities” perspectives (Wu, 2014). This framework places an emphasis on 

the relationship between patterns of urbanization and ecological processes (Wu, 2014). 

It is also around this time period that the quantitative study of the relationship between 

land use and water quality emerged (Zhao et al., 2015).  

Inherently, the study of stream health must consider perspectives from multiple 

disciplines including ecology, economics, sociology, political science, and planning 

(Meyer, 1997; Nuissl et al., 2009; Erol and Randhir, 2013). However, previous research 

has largely failed to apply a multi-disciplinary approach, particularly with incorporating 

the human dimension. This human dimension includes the attitudes and opinions of 

how people perceive and value stream health (Meyer, 1997). The resilience of a stream, 

or its ability to return to its previous state after a disturbance, is another aspect of 

stream health emphasized by Meyer (1997). The indicators used to determine the 

health of a stream should consider “…both ecological processes and human institutions” 

(Meyer, 1997).  
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Water Quality Indicators  
 
As discussed above, water quality indicators encompass a range of biological, 

chemical, and physical characteristics. Some of these include stream pH levels, turbidity, 

dissolved oxygen, presence of metals, nutrients, hydrocarbons, and biotic diversity.  

Multiple indexes have been compiled to measure aspects of the biological, 

chemical and physical attributes of stream health. Some of these include Index of 

Stream Condition (ISC), the River Invertebrate Prediction and Classification System 

(RIVPACS), the Index of Biotic Integrity (IBI), the Invertebrate Community Index (ICI), the 

Physical Stream Conditions Index (PSCI), and in the case of Austin, the Environmental 

Integrity Index (EII). A detailed summary of the methods used to develop the 

Environmental Integrity Index has been published by the city (City of Austin, 2002). The 

EII categorizes stream attributes into six protection categories, namely: aquatic life 

protection, non-contact recreation, contact recreation, habitat quality, water quality, 

and sediment quality (City of Austin, 2002). Under these six categories, additional 

parameters are measured.  

According to Walsh (2005), macroinvertebrate diversity is likely the most 

extensively studied characteristic of urban streams. Their sensitivity to degrees of 

urbanization allow them to be vital indicators for interregional variation or even for 

variation within the upstream-downstream gradient of a particular waterbody. Hence, 

using macroinvertebrate diversity has been a proven and reliable index to measure the 

biotic impacts of urban development.  

Chadwick and colleagues (2006) propose the use of leaf-litter decomposition as a 

measure of anthropogenic impacts on stream health. Due to the fact that urbanization 

affects the hydrology and water chemistry of streams and that litter decomposition is 

influenced by these factors, it may potentially serve as a resourceful measure in some 

situations. Conversely, contradicting findings have been reported as some studies 

indicated a positive relationship with urbanization and increases in litter decomposition, 
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whilst others have reported no change. In Chadwick et al.’s (2006) study, they found a 

non-linear relationship between the rate of litter decomposition and the percentage of 

total impervious cover, while the highest rates of decomposition were at intermediate 

levels of total impervious cover. The lowest rates of litter decomposition were at the 

lower and upper ends of total impervious cover (Chadwick et al., 2006). They attributed 

this non-linear relationship to the influence of nutrients (which increase breakdown 

rates) at low percentages of total impervious cover and other stressors, such as heavy 

metals and toxins, which reduce decomposition rates at high percentages of total 

impervious cover (Chadwick et al., 2006).  

 

Land Use Indicators  
 

Several anthropogenic land use indicators have also been proposed as they have 

measurable, negative impacts on water quality. Previous studies have addressed the 

impacts of population density, impervious cover, land use type, edge density, and patch 

density on stream health.  

Sealed surface or impervious cover (IC) has been amongst the most commonly 

used indexes (Schueler et al., 2009; Brabec et al., 2002; Nuissl et al., 2009; Paul and 

Meyer, 2001). Impervious surfaces reduce the water content in the atmosphere as well 

as reduce the water retention and pollutant-filtering capabilities in urban areas (Haase, 

2009). Generally, urban areas have higher percentages of impervious cover in 

comparison to suburban areas. In a meta-analysis of previous research, Schueler et al. 

(2009) note that the vast majority of studies after 2003 have confirmed the hypothesis 

that the percentage of impervious cover is a valuable predictor of the variation in urban 

stream indicators. As impervious cover of a watershed surpasses 10%, the impacts on 

water quality begin to surface and the streams are classified as sensitive (Arnold and 

Gibbons, 1996; Schueler et al., 2009). Sensitive streams are “generally able to retain 

their hydrologic function and support good to excellent aquatic diversity” (Schueler et 
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al., 2009). When subwatersheds have impervious cover estimates ranging from 25%-

60%, the stream health indicators reach an acute state and the stream is classified as 

non-supporting or impacted (Schueler et al., 2009). When a stream is classified as non-

supporting, it is unable to sustain previous hydrologic functions, habitat, biological 

diversity, or water quality (Schueler et al., 2009). Further, a stream’s resilience is also 

jeopardized as it may become impossible to completely recover previous functions and 

diversity (Schueler et al., 2009). Although the use of these impervious cover thresholds 

can serve as guides in the development of land use best management practices, some 

researchers have cautioned against religious reliance on these thresholds due to the 

complex nature of anthropogenic stream stressors (Allan, 2004). Consideration of 

additional stream stressors should always be incorporated during the process of 

determining appropriate water quality management strategies in order to avoid the 

over-estimation of a single stressor’s impact. 

 

Urban and Suburban Land Use Impacts  
 

Previous studies have shown that although urban land use may be a small 

percentage of an entire catchment area, it places a “…disproportionately large influence 

both proximately and over distance” (Paul and Meyer, 2001).  

Increased presence of heavy metals and hydrocarbons is linked to urban areas as 

a result of greater vehicular use and increased road density (Sansalone et al., 2005; 

Apeagyei et al., 2010; Stead-Dexter and Ward, 2004; Hares and Ward, 1999). Other toxic 

metallic pollutants linked to urban land uses include copper, nickel, zinc, and chromium, 

although mining and intensive agriculture may also produce such heavy metals (Langpap 

et al., 2008). Urban areas have higher roadway and traffic densities in comparison to 

suburban areas. Heavy metals have severe water quality consequences due to their 

sedimentation and potential to bio-accumulate (Langpap et al., 2008). For example, lead 
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is typically understood to be immobile due to its small soluble component (Stead-Dexter 

and Ward, 2004). This means that “legacy effects” or historical activities can still have 

negative impacts which may be seen today. Future policies should strongly consider the 

long-term implications of regulations or the lack of certain regulations. The water 

chemistry characteristics of urban streams vary more than the hydrologic or geomorphic 

characteristics and are more sensitive to the extent and type of urban form (Paul and 

Meyer, 2001).  

As mentioned above, the amount of impervious cover has been considered a 

proxy for the delineation of urban and suburban development types, with high amounts 

of impervious cover relating to urban areas and lower amounts of impervious cover 

relating to suburban areas. Although stormwater and sewage systems have been 

designed to quickly and efficiently transport water runoff from urban land, during times 

of heavy rainfall, the decrease in natural soil infiltration functions caused by impervious 

surfaces results in a heightened risk for flooding (Haase, 2009). According to a study 

done in the Little Miami Basin, Ohio, runoff from urbanized, impervious surfaces was 

55% more than from pervious surfaces (Tong and Chen, 2002). More amounts of 

pervious cover allow for increased recharge of aquifers, as there is less surface runoff 

(Erol and Randhir, 2013) and is essential to maintaining water quantity levels. Not only 

are porous surfaces key players in water quantity, but also in water quality as the soils 

functions as a filtration system, effectively removing toxins before runoff enter aquifers 

or other surface water bodies. Studies have indicated a strong correlation between 

percentage of impervious cover and reduction in macroinvertebrate biodiversity (Paul 

and Meyer, 2001). Generally, urban streams have a lower diversity of macroinvertebrate 

species and a higher share of resilient taxa (Walsh, 2005; Paul and Meyer, 2001), such as 

the Chironomidae and Oligochaeta species. 

King et al. (2005) note that urban land use and degraded riparian buffers often 

correlate. The state of the riparian buffer is a key determinant in regards to stream 
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water temperatures. In general, stream health is better when areas of forest are 

unfragmented and have a composite patch shape (Lee et al., 2009). These findings 

should be key drivers when municipalities consider the use of riparian buffers for water 

quality management purposes. Buffers that have been stripped of their vegetation or 

deforested provide less shading to the surrounding waterbodies and produce a reduced 

amount of large woody debris. Increased urbanization which often disregards the 

importance of this feature has resulted in urban streams exhibiting higher temperatures 

in summer and cooler temperatures in winter. This variability in temperature is 

detrimental to a range of aquatic life. While it is clear that the degraded state of the 

riparian habitat is a major contributing factor to poor aquatic biodiversity, it is important 

to note that natural geological stream characteristics will also have an influence on the 

diversity of taxa. Furthermore, the absence of large woody debris results in a loss of 

substrate for feeding and shelter opportunities for certain species (Allan, 2004). Not 

only does the absence of vegetation affect the biological aspects of stream health, but 

also the physical and chemical aspects. Research has found that removal of the riparian 

canopy is related to increases in channel erosion, the retention of toxins and nutrients, 

as well as increases in the growth of algae (Allan, 2004).  

Some researchers propose that agriculture has the most significant negative 

impacts on water quality, followed by urban land uses (Paul and Meyer, 2001). 

However, more recent research has highlighted the fact that the type of agriculture 

must be considered in addition to geographic location. Lee et al.’s (2009) study of rice 

paddy fields in South Korea revealed a weak correlation between the agricultural land 

use and water quality indexes, underscoring the importance of identifying the specific 

type of agriculture. Contrary to the findings by Paul and Meyer (2001), sediment from 

anthropogenic urban land uses was found to have a larger negative impact on grassland 

streams in comparison to nutrient loading from agriculture in a study done by Townsend 

et al. (2008) in New Zealand. Liu et al. (2015) argue that industrial land use and 
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agricultural land use have equally negative effects on water quality. Evidently, the study 

of stream health is a complex process and consideration must be given to a large 

number of factors ranging from geographic location to anthropogenic land uses and 

practices. Nevertheless, such endeavors are worthwhile in order to make sound 

decisions concerning urban growth.  

Some researchers have linked higher concentrations of nutrient presence to 

agriculture and suburban land uses resulting from greater use of fertilizers and 

pesticides. Phosphorus (P) has been identified by researchers as the “limiting nutrient 

for eutrophication” (Wang et al., 2016). Chang et al. (2015) note that fertilizers contain 

NH3-N which is toxic to aquatic organisms and when converted to nitrate nitrogen, it 

consumes significant amounts of oxygen. This adds further stress to the aquatic life as 

they may experience oxygen deprivation. Additionally, increased nutrient loading can 

encourage an upsurge in algal biomass, although consideration must be given to the 

geographic region as previous research has had varying conclusions (Walsh et al., 2005). 

The presence of algae is both detrimental to the aesthetic and recreational capacities of 

streams.  

The negative effects of urban land uses and agricultural land uses were found to 

be more significant than the loss of forest in previous studies (Erol and Randhir, 2013). 

This is a striking finding, since deforestation is often considered one of the most serious 

anthropogenic environmental degraders as it can result in erosion, loss of habitat, and a 

range of water quality impacts. However, as other studies have shown, urbanization is 

found to correlate with the loss of forested riparian buffers (King et al., 2005) which 

makes the finding by Erol and Randhir (2013) potentially problematic or lacking in the 

consideration of confounding variables.  

Planners suggest that a compact urban form appears to be the most desirable in 

environmental terms, as it enables the conservation of the largest segments of 

“’natural’ landscape” (Haase, 2009).  In support of this notion, a study by Lee et al. 
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(2009) revealed that water quality “…is more likely degraded when land uses are 

scattered over watersheds with many land patches”. This scattered type of 

development is often referred to as “sprawl,” which has been defined as development 

that is uniformly low-density, monotonous, leapfrog and discontinuous (Peiser, 2001). 

The typical suburban development which lacks in connectivity, aesthetic form, and 

identity is often synonymous with sprawl.  

 

Spatial Considerations 
 

Spatial considerations are key to the study of stream health (King et al., 2005; 

Sheldon et al., 2012; Zhao et al., 2015). Three of the most commonly used scales of 

analysis include the reach, riparian, and catchment scales (Sheldon et al., 2012). A reach 

is an uninterrupted segment of surface water that has comparable hydrologic qualities 

(United States Geological Survey, n.d.). Previous studies have shown that inversely 

weighting the distance of urban land cover to a stream sample point provides a better 

prediction of macroinvertebrate biodiversity (King et al., 2005). In their research in 

Shanghai, for example, Zhao et al.  (2015) found that urban areas have greater impacts 

on water quality at larger scales.  

The upstream-downstream gradient is instrumental in the study of stream 

health. Ecologists have noted that in some cases, certain heavy metal pollutants are 

“diluted” as they reach downstream and may even become untraceable (Dune & 

Leopold, 1978). This brings forth an interesting opportunity to use heavy metal loading 

as an indicator to spatially determine which particular land uses are the main culprits for 

this type of pollution. The distance from the source of pollution has a direct impact on 

certain water quality parameters, which underscores the importance of studying the 

stream health indicators along the gradient of creeks and streams (Meneses et al., 

2015).  
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In their study of the Shanghai reticular river network area (RRNA), Zhao et al. 

(2015) found that there was a clear delineation of water quality along an urban-to-rural 

gradient. The impact that urban land had on water quality became clearer at larger 

scales, as opposed to industrial land which had a more localized impact (Zhao et al., 

2015). Furthermore, the urban land use and hydrological variables explained more than 

70% of the variation in water quality in their study (Zhao et al., 2015).  Waterbodies that 

were adjacent to industrial areas exhibited the poorest water quality, followed by those 

adjacent to urban areas and suburban areas. Places with the best water quality were 

located far from the city’s core (Zhao et al., 2015).  

Researchers have called for more studies which combine GIS-based analyses and 

water quality indicators in order to rigorously evaluate stream systems (McBride and 

Booth, 2005). Fortunately, such approaches are becoming increasingly feasible with the 

growing availability of GIS datasets and publicly-available stream health data.   

 

Water Quality Management and Policies  
 

As more studies reveal the negative impacts of various land development types, 

some researchers have proposed numerous water quality management strategies based 

on the type of development. Langpap et al. (2008) recommend that incentive-based 

land use policies such as preferential property taxation are most effective for 

agricultural and forest land uses. Density bonuses for low impact design (LID) in 

watersheds with large portions of urban land are considered the most effective 

(Langpap et al., 2008). Furthermore, planners and policy makers should consider the 

effects of multiple stream stressors when developing water quality management 

strategies, as failure to do so could result in the over or underestimation of the negative 

consequences involved (Townsend et al., 2008).  
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The political structure of a municipality or a region will also play a key role in the 

success of any water quality management efforts and policies. Douglas (2014) highlights 

that the presence of multiple planning authorities who function in a silo-like fashion will 

complicate any attempts to effectively and successfully manage ecosystem services. 

However, enlisting the buy-in of community members through awareness and 

education programs is a worthwhile strategy in ecosystem management and resource 

protection. Walsh et al. (2005) state that the education provided to communities is a 

key piece in establishing a common understanding of what can be accomplished to 

restore local streams. The use of stream health assessment grades has been highlighted 

as a powerful management tool as it integrates a diverse array of water quality 

indicators whilst being easily understood by individuals who are not experts in the field 

(Sheldon et al., 2012).  

Stream pollution is often categorized as either point-source or non-point source 

(NPS) pollution. Point source pollution is associated with a single identifiable source. 

Non-point source pollution is resultant from rainfall or snowmelt runoff, which 

transports anthropogenic pollutants to waterbodies. A key challenge with identifying 

appropriate stream health improvement strategies and policies is that non-point source 

(NPS) pollution is a problem that involves many entities within a watershed (Babin et al., 

2016). Furthermore, identifying the pollution sources and appropriate treatment or 

mitigation strategies is made more difficult by legacy effects resulting from a plethora of 

factors including historical policies or land use management decisions (Osmond et al., 

2012).  Identifying priority watersheds or priority management areas (PMAs) is often 

based on solely biophysical impairment. Priority management areas are defined as 

“relatively small and sensitive portions within a watershed that contribute 

disproportionately higher pollutant loads to nearby water bodies” (Wang et al., 2016). 

Shen et al. (2015) define PMAs as “sensitive areas where the pollutant discharge 
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exceeds local tolerance.” In fact, an estimated 90% of non-point source pollution 

exports are from fairly small areas (Zhou & Gao, 2011).  

NPS pollution impacts are not only dependent upon the source but also on how 

the pollutant is transported to the waterbodies (Alexander et al., 2000). Furthermore, 

the presence of multiple NPS pollutants within a watershed complicate mitigation 

strategies. Chen et al. (2014) give the example of nitrogen (N) fertilizer and soil 

phosphorus (P); the control of nitrogen can aggravate phosphorus enrichment.  

Babin et al. (2016) identify several key factors to the success of NPS pollution 

mitigation initiatives, particularly in areas with intensive agricultural land use. The first is 

the need for regulation and not simply voluntary participation (Babin et al., 2016). Next 

is the necessity for adequate resources to sustain the projects which include external 

funding, local funding, and paid staff. Technical expertise is also vital in any watershed 

management project (Babin et al., 2016). Finally, compensation for economic losses by 

land users (such as agricultural producers) must be made available (Babin et al., 2016).  

While the majority of initiatives and programs select targeted watersheds based 

on the level of pollution, it is also essential to factor in social criteria which may play a 

key role in the success of any implemented strategies (Babin et al., 2016). The 

biophysical aspects of assessment often include quantitative indicators while the social 

aspects often include qualitative indicators (Babin et al., 2016). The combination of both 

the biophysical and social elements is something that is not often taken into account 

when conducting watershed assessments and is an area where watershed management 

and policymaking has room for improvement (Babin et al., 2016).  

Although the main findings of Babin et al’s. (2016) study relate primarily to 

agricultural watersheds where nutrient pollution is the main concern, there are key 

takeaways which can be applicable to a variety of scenarios. Their study identified 

eleven primary criteria that reveal a higher probability for the successful 
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implementation of NPS mitigation projects. The first is the quantitative level of 

biophysical impairment in the watershed’s streams (Babin et al., 2016). Each state is 

required to identify impaired waterways under the Clean Water Act section 303(d); 

watersheds listed as impaired are then eligible for state and federal funding (Babin et 

al., 2016).  

The biggest and most common funding source for NPS mitigation projects is 

provided by the Clean Water Act’s section 319 Nonpoint Source Management Program, 

which is a federal funding method that is directed by each state’s water quality program 

(Babin et al., 2016). The existence of regional programs which are also sponsored by the 

federal government are another source of funding; one such program is the Mississippi 

River Basin Initiative (MRBI) (Babin et al., 2016).   

The presence or absence of historical NPS mitigation projects is another 

identified indicator of a project’s potential success (Babin et al., 2016). A “proven track 

record of involvement in watershed-based conservation” (Babin et al., 2016) is 

indicative of the capacity to obtain external funding, reveals accountability, and suggests 

the administrative capacity to execute and achieve program objectives and goals (Babin 

et al., 2016).  

Organizational capacity within a watershed is another main indicator. This 

capacity includes the presence of paid staff and established funding from a local 

government agency (Babin et al., 2016). The existence of a watershed plan or 

assessment is often indicative of an established watershed management group (Babin et 

al., 2016). The willing “adoption, maintenance, and re-enrollment of best management 

practices (BMPs)” (Babin et al., 2016) is a good proxy that reflects the available skills and 

expertise of the watershed management group (Babin et al., 2016). Further, the level of 

participation in BMPs also reveals the commitment, values, and level of trust in agency 

programs, which is critical in obtaining buy-in for new planning practices and techniques 
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(Babin et al., 2016). Distrust between agencies and community-based stakeholders is 

often a major challenge to the successful implementation of NPS mitigation initiatives.  

The clear visibility and knowledge of watershed problems also plays a vital role in 

particularly community-based watershed management (Babin et al., 2016). Issues 

relating to public health or recreational ability are two key categories of highly visible 

and comprehendible watershed issues (Babin et al., 2016). Collaboration and trust 

between stakeholders leads to more successful implementation of watershed 

protection initiatives (Benham et al., 2006). A key measure of collaboration and trust 

can be the absence of conflict (being the best case scenario) or the successful 

settlement of past conflict (Babin et al., 2016).  The interest to initiate, organize and 

lead watershed protection initiatives from local stakeholders and community members 

is a crucial factor when evaluating the palatability for new NPS mitigation projects 

(Babin et al., 2016). Nationally, Austin has served as a valuable precedent of successful 

stakeholder participation through the “Water Watchdogs” stream monitoring program, 

which has now evolved into the Environmental Integrity Index (EII) Program. The 

continuous involvement of the general public and community members through 

stakeholder meetings, clean-up days, and the plethora of publicly available data and 

materials on Austin’s streams indicate to funders that the social atmosphere is 

conducive to the successful implementation of watershed protection strategies. 

However, from an economic standpoint, there have been historical debates on the 

negative financial impact on land developers as a result of restrictive initiatives. When 

considering future programs and strategies, one of the greatest challenges will be to 

find the balance between the environmental, social, and financial aspects that play a 

role in stream health management.  

While Babin et al’s. (2016) study emphasized “farmers as conservation leaders” 

due to the fact that their study was primarily focused on agricultural land use in 

watersheds, this reveals the necessity to identify and enlist the support of land users 
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that have a pivotal role in the biophysical health of a watershed’s waterways. With the 

rapid growth and development that Austin has seen and is projected to continue seeing 

in years to come, a key group of land users include the development community.  

The role of social networking also has a strong effect on the successful or 

unsuccessful outcome of a new program or initiative. Identifying a large number of 

conservation participants who have the necessary skills, expertise, and voice will 

improve the odds of success.   

Overall, the necessity to utilize mixed-methods, which include quantitative and 

qualitative factors, for identifying relevant watershed management approaches and 

policies is essential to achieving favorable outcomes. Relying solely on a quantitative 

value to determine PMAs will result in less successful watershed management 

approaches (Babin et al., 2016).  

 Statistical analysis, mathematical models, and GIS-based approaches have been 

used to determine the most appropriate placement of management measures to 

mitigate the effects of pollutants on stream health. NPS pollution has always posed 

challenges due to the haphazard nature of occurrence, a wide array of potential 

sources, unpredictable discharge times, and significant spatial and temporal differences. 

Further, variations in activities such as agricultural or construction productivity or 

periods of heavy rainfall all add additional challenges to identifying NPS inputs. When 

generating watershed models and simulating potential outcomes, researchers have 

noted that special attention must be given to the size, scale and the number of sub-

watersheds, as this can significantly affect the sensitivity of the parameters (Wood et al., 

1988). Traditionally, the sub-watershed is the basic catchment unit used during model 

simulation. In statistical modelling of hydrologic predictions, correlation coefficients, 

relative errors, and Nash-Sutcliffe coefficients are most commonly selected as 

goodness-of-fit indicators (Ficklin et al. 2013).  
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Watershed models such as the Soil Water Assessment Tool (SWAT), the Areal 

Non-point Source Watershed Environment Response Simulation (ANSWERS), the 

Agricultural Non-point Source Pollution Model (AGNPS), and the Hydrological Simulation 

Program FORTRAN (HSPF) are several tools used to simulate NPS pollution over 

expansive temporal and spatial scales. The SWAT model was developed by the United 

States Department of Agriculture – Agriculture Research Service (USDA-ARS) and is used 

to predict “the impact of land management practices on water, sediment, and 

agricultural chemical yields in watersheds with varying soils, land use, and management 

conditions over time” (Bracmort et al., 2006). In the SWAT model, every sub-basin is 

broken down into multiple land use and soil categories, which are called Hydrologic 

Response Units (HRUs). The SWAT model also falls into a framework called Better 

Assessment Science Integrating Point and Nonpoint Sources (BASINS), which has been 

recommended by the USEPA (Santhi et al., 2008). Some of the key components of the 

SWAT model are: hydrology, erosion, weather, soil temperature, nutrients, pesticides, 

and agricultural management (Santhi et al., 2008). One limitation of such models is the 

fact that “the traditional model-based PMAs are typically designed for one specific 

pollutant, thus these specific-pollutant PMAs are often conflicting in the case of multiple 

pollutants because of their natural characteristics” (Chen et al., 2014). Multiple-criteria 

evaluation (MCE) is an approach that addresses this issue by combining the confounding 

points into one index form for evaluation (Chen et al., 2014). The MCE approach, which 

is used to determine multiple pollutant priority management areas (MP-PMAs), also 

uses weighting factors which are allocated to all GIS-based measures (Chen et al., 2014). 

Two contributions of the MCE approach for watershed management is that it effectively 

determines the best location for multiple pollutant priority management areas in a 

particular watershed in order to control for several pollutants. Finally, it provides 

suggestions for particular best management practices (BMPs) which are derived from 

the corresponding pollutant mitigation requirements (Chen et al., 2014). The use of best 
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management practices (BMPs) is a commonly used strategy to approach water quality 

management and is more of a policy-based strategy as opposed to LID, which is more 

design-based. Some common BMPs include the restriction of livestock proximate to 

streams, the maintenance of intact riparian buffers, and the decrease in use of 

fertilizers. Wang et al. (2002) found a positive relationship between stream health and 

BMPs. In their study, there were improvements in fish abundance as a result of 

improved habitat quality in a Wisconsin stream (Wang et al., 2002).  

Table 2.1 on the following page is adapted from Chen et al’s. (2014) study. They 

derived their data from a meta-analysis of six different studies. The table shows the 

pollutant removal potential (in percentage) of a variety of BMPs. It is important to note 

that removal efficiencies of BMPs vary by climatic region, soil type, rainfall, and a range 

of other factors.  
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Table 2.1: Illustrative Examples of Pollutant Removal Potential of Various BMPs  

BMP  Sediment  PP DP TP NO3-N NH4-N TN 

Contour strip cropping  43-95  55-

75 

70-

85 

  20-

55 

Nutrient management plan  0-99 0-85 36-

75 

14-

91 

0-84 0-97 35-

94 

Vegetative buffers  24-99 68-

90 

0-89 2-93 0-85 0-98 1-93 

Residue management  29-41   12-

25 

   

Cover crops  29-73  7-63 67 4-39 35-41 66 

Contour farming  84-86   60-

65 

  56-

59 

Stream bank stabilization         

Conservation tillage  40-99 27-

93 

 12-

81 

10-37 0-57 9-91 

Grade stabilization 

structure  

98   93-

97 

  95-

98 

Crop rotation  32-92  7-63 53-

67 

74-77 35-41 66-

68 

Terraces  80-95   70-

85 

  20-

55 

Wetland     71-

74 

83 36 64 

  

Best Management Practices (BMPs), are often categorized as structural or non-

structural. Examples of structural BMPs include rain gardens and wetlands. Non-



  

29 
 

structural BMPs include practices such as open space preservation and regulations on  

impervious cover. Structural BMPs are commonly used to mitigate NPS pollution 

stemming from agricultural activity and to improve water quality (Bracmort et al., 2006). 

While the USDA-NRCS has produced a “design life” for the majority of BMPs, the 

effective performance of BMPs after this specified design life is uncertain (Bracmort et 

al., 2006). In their study conducted in the Dreisbach and Smith-Fry watersheds in Allen 

County, Indiana, Bracmont and colleagues (2006) used SWAT to determine the long-

term mitigation impact (~20 years) of four BMPs (grassed waterways, parallel terraces, 

field borders, and grade stabilization structures) on sediment and phosphorous loads. 

Their findings revealed that the condition of the structural BMP had a significant impact 

on the NPS mitigation potential. BMPs that were classified as being in “good” condition 

reduced average annual sediment yields by 16% to 32%, while BMPs of varying 

conditions only reduced sediment yields by 7% to 10% (Bracmort et al., 2006). 

Phosphorous yields were reduced by 10% to 24% for structural BMPs in “good” 

condition, whereas BMPs in varying conditions only reduced sediment yields by 7% to 

10% (Bracmort et al., 2006). This highlights the importance of regular maintenance and 

upkeep of BMP infrastructure, which in some cases may be costly. This then raises the 

question of who shall carry the financial burden of BMPs and how such a decision will be 

made.  

   Shen et al. (2015) introduced the concept of water functional zones, which is 

the process of assigning particular uses to certain water bodies in order to promote 

watershed management and scientific oversight of NPS pollution. The framework 

brought forth by Shen and colleagues (2015) combines statistical analysis with SWAT in 

order to identify multiple-levels priority management areas. Their study revealed that 

this approach is most effective for downstream regions, especially during periods of 

little rain and for watersheds exhibiting high pollution levels (Shen et al., 2015).  
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On the more qualitative spectrum of watershed management, Burns et al. (2015) 

highlight the importance of research and multi-disciplinary collaboration for designing 

watershed management strategies. Their study results revealed that civil 

experimentation has the ability to improve the capability of municipalities to adopt 

alternative approaches to protect or restore streams (Burns et al., 2015). Further, 

municipalities that place a high value on their creeks or streams may be more ready to 

take on the potential risks related to low-impact watershed management (Burns et al., 

2015). Similar to Babin et al.’s (2016) study, the concept of trust is vital to the success of 

implementing new management strategies. Investing in and nurturing stakeholder 

relationships through time is worthwhile.  

In Texas, the Texas Commission on Environmental Quality (TCEQ) partnered with 

Texas State University’s Meadows Center for Water and the Environment and the US 

EPA to form the Texas Stream Team (TST). The TST is a statewide volunteer program 

that aims to improve public knowledge on water quality and NPS pollution issues (Texas 

Commission on Environmental Quality, n.d.). Through the TST, citizens across the state 

engage in the monitoring of over 270 water quality sites (Texas Commission on 

Environmental Quality, n.d.).  

 The Texas Commission on Environmental Quality, which was formerly known as 

the Texas Natural Resources Conservation Commission (TNRCC), has determined 

impaired waterbodies (Santhi et al., 2006). Waterbodies that do not meet water quality 

standards are selected for additional monitoring and data collection. A total maximum 

daily load (TMDL) process is initiated for those water bodies. A TMDL is a quantitative 

assessment that outlines the quantity of a pollutant that should be mitigated in order to 

attain water quality standards (Santhi et al., 2006). Along with the Texas State Soil and 

Water Conservation Board (TSSWCB), the TCEQ is involved in the TMDL process to 

improve water quality (Santhi et al., 2006). With the passing of Senate Bill 503 in the 

mid-1990s, the Texas State Legislature authorized the TSSWCB to help landowners in 
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controlling water pollution from agricultural and silvicultural non-point sources through 

incentives for the installation of best management practices (Santhi et al., 2006). More 

specifically, the TSSWCB gives technical and financial support to landowners through 

established Soil and Water Conservation Districts (SWCDs) in order to establish Water 

Quality Management Plans (WQMPs) (Santhi et al., 2006). Water Quality Management 

Plans are site-specific and outline required best management practices, which can either 

be structural or non-structural.  

The call for catchment-scale solutions to mitigate the urban stream syndrome 

has been pressed by researchers. Low Impact Development (LID) is a comprehensive 

land use planning approach with the aim to reduce the “urban stream syndrome” or the 

land development effects on the environment (Martin-Mickle et al., 2015). Historically, 

LID was used primarily in agricultural watersheds and less so for urban watersheds, 

which may be attributed to the complex, mixed-use nature of urban areas (Martin-

Mickle et al., 2015). However, it is becoming an increasingly prevalent water quality 

management strategy in urban areas today (Martin-Mickle et al., 2015). Two main 

strategies of LID include reducing local-scale water runoff with strategies such as the use 

of green roofs, porous pavement, and rain barrels. The second strategy is suitable for 

the intermediate, catchment, and reach scales and is aimed at reducing the speed of 

water runoff and increasing the filtration of pollutants by using rain gardens, vegetated 

swales, detention or retention ponds, and riparian buffers.  The location of LID 

strategies in a watershed is a key predictor of its effectiveness. Unfortunately, few tools 

exist to assist with this determination. The few that are available, such as SUSTAIN and 

SWMM demand a high level of expertise and are fiscally and time intensive resources 

(Martin-Mickle et al., 2015).  

As discussed above, Austin has been considered one of the exemplary cases of 

environmental management. As of 1990, the city has been monitoring the health of its 

streams, which started as a volunteer-based initiative called the “Water Watchdogs”. In 



  

32 
 

1999, the program became fully managed by the city, due to the increasing complexity 

of the data collection and monitoring process. The raw data collected from all the 

streams being monitored are publicly available on the City of Austin’s website.  

Limiting impervious cover and the use of density controls is another common 

method of water quality management in urban areas. Density control is defined as a 

“measure designed to control stormwater quality by limiting the number of dwelling 

units per acre and impervious cover allowed on a site to control stormwater quality” 

(Paulson, 1988). Supporters of density controls argue that there is a positive relationship 

between increases in housing density and/or impervious cover and contaminant 

loadings (Paulson, 1988).  Stream buffers are another common regulatory tool which 

cities can use to control water quality. The City of Austin has been using stream buffer 

regulations since 1980 (Hollon, 2009). Austin has two stream buffer types, namely the 

Critical Water Quality Zone (CWQZ) and the Water Quality Transition Zone (WQTZ). In 

the CWQZ no buildings are permitted although flood detention facilities are allowed 

(Hollon, 2009). Additionally, limited road and utility crossing are permitted as well as 

passive recreational activities such as trails (Hollon, 2009). In the WQTZ a maximum of 

30% impervious cover is permitted as well as water quality structural controls (Hollon, 

2009). Stream buffers are not only beneficial for water quality, but also for flood 

prevention and control, erosion prevention and control, wildlife habitat preservation, 

property value, as well as aesthetic values (Hollon, 2009).  

One of the central debates in watershed planning and management is that of 

Integrated Water Resources Management (IWRM), which is commonly referred to as 

the Water-Energy-Food Nexus here in the United States. Unless otherwise noted, the 

discussion on Integrated Water Resources Management (IWRM) is adapted from 

Agarwal et al’s. (2000) report.  

According to the Global Water Partnership’s (GWP) Technical Advisory 

Committee (TAC), IWRM is “a process which promotes the co-ordinated development 
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and management of water, land and related resources, in order to maximize the 

resultant economic and social welfare in an equitable manner without compromising 

the sustainability of vital ecosystems” (Agarwal et al., 2000). Practices adopted under 

IWRM are context-dependent and vary by scale.  

There are four key principles of IWRM, as specified by the Technical Advisory 

Committee (TAC) of the GWP. The first is that water is a finite and vulnerable resource. 

Under this first principle, additional concepts are highlighted, such as the need for a 

holist approach to water management, the notion that freshwater is a finite resource 

and finally the concept that anthropogenic activities affect our water resources and can 

reduce both their quantity and quality (Agarwal et al., 2000).  

The second main principle is the call for a participatory approach to water 

management. Agarwal et al. (2000) note that with water, everyone is a stakeholder and 

it is essential to include stakeholders in the decision-making process and not only 

consider them as consultants. Under the participatory approach are values such as 

including stakeholders from “all levels of the social structure” (Agarwal et al., 2000), 

achieving long-lasting consensus, and creating participatory opportunities and capacity 

at a range of spatial scales (Agarwal et al., 2000). Enlisting the support from 

stakeholders is often very challenging, particularly when discussing issues of water 

quality which cannot be easily seen, such as NPS nitrogen pollution. Planners and 

researchers recognize that the audience and the context are very important aspects to 

understand during the stakeholder process. Acknowledging and being able to relate to 

the values of the stakeholders is a chief way to enlist buy-in (Schramm, 2016).  

Principle three is the “important role of women” (Agarwal et al., 2000). Women 

should be included as decision-makers in the process of water management. Particularly 

in developing countries, women are the prime agents who collect and manage water for 

domestic and agricultural use. However, when it comes to its management, they are 
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often left out of the decision-making process. Finally, IWRM necessitates gender 

awareness.  

The fourth key principle is the notion that water is an economic good. Water is 

often seen as a “free” resource, which has often led to its mismanagement. Further, 

Agarwal et al. (2000) noted that there is a difference between valuing and charging for 

water. The act of valuing water is comprehending that it is a finite resource and charging 

for water is “applying an economic instrument to affect behavior towards conservation 

and efficient water usage, to provide incentives for demand management, ensure cost 

recovery and to signal consumer’s willingness to pay for additional investments in water 

services” (Agarwal et al., 2000). The full value of water consists of two key components 

– its economic value and its intrinsic value. Additionally, the full cost of water includes 

the entire economic cost as well as the environmental externalities.  

The concept of integration in IWRM includes two principal systems – the natural 

and the human. Natural systems integration includes that of incorporating freshwater 

management with coastal zone management, land use management with water 

management, surface water with ground water management, as well as quantity and 

quality in water resources management. Integration of human systems includes a 

complex process of stakeholder involvement, ensuring that governmental policies, 

finances, and planning factor in the implications for water resources development, and 

finally, influencing private-sector leaders to make decisions based on the true value of 

water and its sustainable use.  

While it is evident that IWRM has clear value, some of its critics question the 

placing of water at the center of this concept. Furthermore, when taking a regional 

approach to water planning and management, additional challenges arise. For example, 

the implementation of regional plans whereby multiple states are involved requires 

Federal legislation.  
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As planners, we can understand and easily connect water to many other aspects 

of human life and activity. Particularly when thinking of a sustainable future, we can 

understand the importance of these interconnections. The decisions we make today will 

be sure to affect us tomorrow.  

The literature reviewed in this chapter is particularly useful to understand how 

stream health is measured, the impacts of different development patterns and finally 

strategies used in watershed management and protection. This knowledge was 

instrumental in forming the design of this study. For example, macroinvertebrate 

biodiversity is a valid index for measuring stream health (Walsh, 2005) and therefore 

was selected as a parameter in this study.  

Methods used in this study include statistical analyses and GIS, examples of 

which have been discussed in this chapter. Both are proven methods to the study of 

stream health and the combination of the two methods will yield a deeper 

understanding of stream health in Austin. The GIS findings are useful for understanding 

the spatial distribution of stream health in the city (McBride and Booth, 2005) while the 

statistical analyses are useful in understanding the relationships between anthropogenic 

factors (such as impervious cover or amount of development) and stream health 

outcomes.  

There are several theoretical assumptions to highlight from the literature 

reviewed, as they are relevant to the present study. A general assumption is that higher 

percentages of impervious cover are often indicative of urban areas and lower 

percentages of impervious cover are often characteristic of suburban areas. This 

distinction will influence the type of stream health outcomes.  

Researchers have found that increases in impervious cover often lead to 

decreases in stream health. More specifically, increased impervious cover often 

correlated with decreases in macroinvertebrate biodiversity (Paul and Meyer, 2001). 

Higher percentages of impervious cover also correlate with increases in heavy metal 
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pollution, due to higher road density and vehicular use (Sansalone et al., 2005; Apeagyei 

et al., 2010; Stead-Dexter and Ward, 2004; Hares and Ward, 1999). Heavy metal 

pollution has the potential to bio-accumulate (Langpap et al., 2008; Stead-Dexter and 

Ward, 2004) and therefore has lasting “legacy effects.” This finding suggests that heavy 

metal pollution should be a priority when developing water quality policies and 

management strategies. Further, increases in urbanization often correlate with 

decreased riparian canopy (King et al., 2005) and hence increased water temperatures 

in creeks and streams. This increased water temperature can also be detrimental to 

aquatic life once it surpasses a certain threshold.  

Suburban areas, which are often less developed and are further away from the 

inner city have distinct stream health outcomes. As a result of less development, these 

areas have lower percentages of impervious cover. Thus, we can expect these areas to 

have greater macroinvertebrate biodiversity and generally lower water temperatures in 

streams and creeks. However, the presence of agricultural land uses in these suburban 

areas often leads to increased nutrient-based pollution which results in increased 

eutrophication, increased algae growth, and loss in aquatic life due to reduced oxygen 

levels (Chang et al., 2015; Wang et al., 2016).  

In terms of water quality management, research has shown that the 

implementation of water quality controls have a positive impact on increasing 

stormwater runoff quality (Thompson, 1980). Best management practices, either 

structural or non-structural, are used to increase water quality. In the case of Austin, the 

predominant non-structural BMP on a city-wide scale have been density controls and 

limitations on impervious cover based on the watersheds location. This will be discussed 

further in the following chapter when I review the city’s watershed protection 

ordinances. Structural BMPs include more site-specific infrastructure such as wet ponds 

and vegetated swales. Implementing watershed protection ordinances relies heavily on 

stakeholder input and buy-in (Babin et al., 2016). Nationally, Austin is regarded as a 
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pioneer in stormwater management, not only because of the rigorous watershed 

protection ordinances adopted, but also due to the citizen’s involvement in water 

quality protection.  

However, Paulson (1988) indicates that the effectiveness of these water quality 

regulations are still to be determined in Austin’s unique topographical and geological 

conditions. Therefore, this study aims to investigate this question with the hypothesis 

that watersheds primarily developed after the passing of the CWO will exhibit better 

stream health.  
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Chapter Three: Watershed Management & Planning in Austin  
 

 In this chapter, I provide background information on the city’s Watershed 

Protection Department followed by a discussion on the city’s Environmental Integrity 

Index (EII). Finally, I review the watershed protection ordinances that the City of Austin 

implemented, beginning with the first ordinance in 1974.  

The review of the city’s Environmental Integrity index will provide the 

background methodology for the stream health data used in this study. The five stream 

health parameters included in the present study are derived from three of the six 

protection categories listed in the EII, namely: water quality, sediment quality, and 

aquatic life support. Each of these categories has distinct measurement implications. For 

example, sediment quality is only measured at one location per creek and all 

parameters are recorded in micrograms per kilogram or milligrams per kilogram. 

Additionally, the discussion on the EII provides the Austin-based example of a water 

quality monitoring program. Other examples of water quality monitoring programs were 

provided in chapter two of this study. Due to the extensive research and expertise 

involved in the formulation of the EII, it serves as a model example of stream health 

monitoring. Further, the origins of the EII as a citizen involvement based monitoring 

program speaks volumes in terms of participatory watershed management.  

My discussion of Austin’s watershed protection ordinances provides a historical 

review of the city’s water quality protection regulations and the progression of these 

strategies. The main focus of this chapter is the Comprehensive Watersheds Ordinance 

as it relates directly to the present study and therefore includes the most detailed 

description. This ordinance was chosen due to the fact that it was the first ordinance to 

include regulations that extended to all land in the city of Austin and its extra-territorial 

jurisdiction. This meant that controls were also allocated to watersheds which did not 

directly feed into the drinking water supply. Additionally, the CWO placed an emphasis 
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on the use of nonstructural BMPs, which included stream setbacks/buffers, impervious 

cover limits, density controls and critical environmental feature protection. This section 

will reveal watershed protection strategies that have already been implemented; my 

study aims to determine whether these strategies have been successful. The review of 

this ordinance will inform and should be able to explain some of this study’s findings. As 

Austin is considered one of the leading municipalities in watershed protection, this can 

offer a valuable precedent to other cities across the nation.  

 

Austin’s Watershed Protection Department  
 

Austin’s Watershed Protection Department was established in 1991 and was 

originally called the Drainage Utility. The agency was formed in order to manage 

Austin’s creeks, drainage systems, and water quality initiatives. The main focus of the 

department is to lessen the negative effects of flooding, erosion, and water pollution. 

The main source of funding for the Watershed Protection Department is the drainage 

fee listed under utility bills. Grant funding or bonds funding does assist with certain 

projects. Drainage charges vary across the city, and are calculated using the following 

formula:  

Monthly Drainage Charge = Monthly Base Rate x Impervious Cover x Adjustment Factor 

(City of Austin, n.d.-c) 

 

The monthly base rate for the 2015 to 2016 Fiscal Year was $0.005 per square 

foot of impervious cover, which includes surfaces such as rooftops, driveways, parking 

lots, patios, and walkways. Each property has a unique adjustment factor, which is 

derived from the percentage of impervious cover.  
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The adjustment factor is calculated using the following formula:  

Adjustment Factor = (1.5425 x Percentage of Impervious Cover) + 0.1933 (City of Austin, 

n.d.-c) 

 

Single-family properties whose drainage fee is exceeding $9.80 will receive a discount 

on their fee until October 2016.   

Currently, there are fifteen programs under the authority of The Watershed 

Planning Department. The programs include the following: Austin Invasive Plants 

Management, Austin’s Reservoir Resource, Creek Flooding, Environmental Integrity 

Index, Erosion Control and Stream Restoration, Flood Early Warning System, 

Groundwater, Local Flooding, Pollution Prevention and Reduction, Regional Stormwater 

Management Program, Riparian Restoration, Salamanders, Stormwater Management, 

Watershed Protection Master Plan, and Wildlife – Environmental Best Practices.  

 

Austin’s Environmental Integrity Index  
 

Unless otherwise noted, most of the discussion provided herein is based on the 

City of Austin’s Environmental Integrity Index Methodology (City of Austin, 2002). The 

Environmental Integrity Index is a tool that was developed by the City of Austin’s 

Environmental Resource Management Division and was implemented in 1998, in 

tandem with the beginning of the Watershed Protection Department’s Phase I of the 

master plan process. The EII was established to monitor and evaluate the ecological 

integrity as well as the extent of impairment of Austin’s watersheds. The EII would 

provide a quantifiable means to assess the water quality condition of the city’s urban 

and non-urban streams, in addition to providing a baseline from which to evaluate 

streams in order to determine protective measures and restoration. A range of 

biological, physical, chemical, and toxicity parameters are combined to establish a 

comprehensive evaluation of the city’s aquatic ecosystems. The goal of the EII was to 
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“identify water quality problems in watersheds and help target possible structural, 

programmatic and regulatory solutions to maintain or enhance overall water quality” 

(City of Austin, 2002).  

The EII contains six protection categories, which were derived from water uses 

specified in the Clean Water Action Section 303 [c](2)(A). These categories include the 

following: aquatic life protection, non-contact recreation, contact recreation, habitat 

quality, water quality, and sediment quality. Further parameters under each of these 

categories were specified after a review of state and federal water quality monitoring 

and assessment protocols. The United States Environmental Protection Agency (USEPA), 

the Rapid Bioassessment Protocols, the Texas Natural Resource Conservation 

Commission (TNRCC), the Use Attainability Assessment and Physical Characteristic 

Assessment were key references for these additional parameters.  

The following paragraphs will provide definitions of the six major EII categories 

(see Appendix A for a summary table of EII components). This information will be useful 

in understanding the implications of particular stream health parameters used in this 

study. The contact recreation category determines the suitability of a creek or other 

waterbody for swimming, wading or other contact reaction use and is evaluated by the 

fecal coliform bacteria concentrations. Fecal coliform concentration is the most 

commonly applied method for evaluating pathogenic contamination of waterbodies and 

is used by both the World Health Organization (WHO) and the Texas Natural Resource 

Conservation Commission (TNRCC).  

The non-contact recreation category determines the aesthetic qualities of a 

waterbody including the appearance of the water surface, presence of litter, odor, 

water clarity, and the percentage of algae cover. The majority of non-contact 

recreational activities occur on the banks of the waterbody and include: hiking, cycling, 

and rock climbing. There are three broad categories used in evaluating the aesthetic and 
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recreational value, which include: physical factors, biological and water quality factors, 

and human use and interest factors.  

The water quality and sediment quality have additional subcomponents which 

are calculated from chemical analyses of grab samples from sample sites. Some of the 

analytical parameters of water quality include the following: total suspended solids, 

total dissolved solids, nitrate-nitrogen, and total hardness. Sampling for sediment 

quality is performed at one site in each watershed, located near the mouth upstream 

from any backwater deposition impacts. The analysis of sediments include metals, 

polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 

organochlorine pesticides, and grain size.  

The habitat quality index includes parameters such as the instream cover, the 

epifaunal substrate, channel alteration, condition of banks, bank vegetation protection, 

and riparian zone width, amongst others. These parameters are scored on a numerical 

scale. Stream stability is another scoring component of the habitat quality index. It 

includes a range of parameters such as the landform slope, the entrenchment ratio, 

mass wasting, debris jam potential, bank rock content, cutting and deposition, scouring, 

rock angularity, rock brightness, attached aquatic vegetation, obstructions, 

consolidation, bank vegetation protection, and percent stable material.  

The aquatic life support category is determined by sampling and analyzing the 

macroinvertebrate community structure, the diatom community structure, the 

filamentous algae cover, chlorophyll, and the presence of fish. The habitat quality index 

results are used to interpret and explain the results of the biological community analysis 

components (City of Austin, 2002). 

The EII score for each monitoring site is obtained by averaging the six categories 

described above. These scores range from 0 to 100 and are categorized into eight 

descriptive ranges. These ranges are as follows: very bad (0-12), bad (13-25), poor (26-

37), marginal (38-50), fair (51-62), good (63-75), very good (76-87) and excellent (88-
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100). Total watershed scores are found by grouping the monitoring site subcomponent 

scores (i.e. contact recreation, non-contact recreation, water quality, sediment quality, 

etc.) and finding their average. Due to the fact that sediment quality is only analyzed at 

the mouth of the watershed, there is only one data point and thus no averaging is 

necessary. The averaged subcomponents and the sediment quality score are then 

averaged together to find the overall EII watershed score.   

 

Austin’s Watershed Protection Ordinances  
 

Watersheds are the spatial units of reference for hydrology (Romnee et al., 

2015). According to Romnee and colleagues (2015) there are three components to the 

urban watershed, namely: territorial development agreements (such as urban planning 

regulations), the urban fabric, and the landscape.  

Austinites take great pride in the water features that play a large role in the city’s 

identity. Globally, watershed-scale approaches for water quality management are often 

disregarded when designing stormwater management plans and best management 

practices (Romnee et al., 2015). However, in the United States, Austin was one of the 

national pioneers in understanding the link between development patterns, water 

quality, flooding, and erosion (City of Austin, n.d.-b).  

According to the Watershed Protection Department, ordinances are “a tool by 

which the City Council, with public review and input, modifies and improves Austin’s 

Land Development Code” (City of Austin, n.d.-b). The connection between the 

watershed ordinances and land development policies is often an aspect of planning that 

is overlooked in many cities. As previously pointed out in this thesis, “…a water-quality 

component often is missing in land-use plans and land-use planning is rarely used in 

water-quality management” (Wang, 2001).  
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The following section provides an overview of Austin’s water quality regulatory 

developments from the 1970s onward. A total of nine ordinances will be discussed. The 

first ordinance reviewed is the Waterway Ordinance of 1974. The last ordinance 

discussed is the 2013 Watershed Protection Ordinance. I conclude the section by 

highlighting the key points that directly relate to the present study from this ordinance 

review. 

 

The Waterway Ordinance (No. 740307-F) 

Austin’s first watershed protection ordinance, the Waterway Ordinance, was 

passed in 1974. Some of the key stipulations of this ordinance included the 

encouragement of “drainage ditches in lieu of storm sewers in urban subdivisions” (City 

of Austin, 1974), definitions for the terms “development” and “waterway” (City of 

Austin, 1974), and the requirement for all new development on and along waterways in 

urban and suburban subdivisions to receive development approval from the city (City of 

Austin, 1974).  Other aspects of this ordinance included stipulations regarding the 

approval and appeals processes as well as outlining the duties for the city’s director of 

engineering.  

 

The Lake Austin Watershed Ordinance (No. 800103-N) 

A series of ordinances were passed in 1980 and 1981, including the Lake Austin 

Watershed Ordinance (1980), the Barton Creek Watershed Ordinance (1980), the 

Williamson Creek Watershed Ordinance (1980), and the Lower Watersheds Ordinance 

(1981). The Lake Austin Watershed Ordinance required that all new development 

restrict the percentage of impervious cover in order to: mitigate erosion impacts, reduce 

the volume and runoff rate of stormwater, and reduce the quantity of wastewater 

effluent discharged within the lake, a primary source of drinking water for the city. 

Furthermore, the Lake Austin Watershed Ordinance established where development 
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was prohibited, which included the Critical Water Quality Zones (CWQZ) in addition to 

areas with slopes over 35% gradient (Paulson, 1988). Water quality control basins, 

either detention or sedimentation basins, were also required by this ordinance.  

 

The Barton Creek Watershed Ordinance (No. 800417-I) 

Also in 1980, City Council passed the Barton Creek Watershed Ordinance 

(BCWO), which was initiated by the development of the Barton Square Mall, which from 

an environmentalist perspective was a striking example of the damaging nature of the 

city’s growth patterns (Paulson, 1988). Some of the environmentally insensitive aspects 

of the mall’s development included the complete levelling of a hill within an area of the 

Edwards Aquifer Recharge zone (Paulson, 1988). The levelling of this scenic hill resulted 

in significant sedimentation to Barton Creek and the resulting 120 acre site was 

developed to consist of 72% impervious cover (Hollon, 2013). This activity spurred the 

creation of an ordinance that would restrict development in the Barton Creek 

Watershed.  

The ordinance categorized the watershed into five distinct water quality zones in 

order to steer development away from the creek beds and onto flatter zones (Paulson, 

1988). The five designated zones are as follows: the Critical Water Quality Zone (CWQZ), 

the Lowlands Water Quality Zone (LWQZ), the Edwards Aquifer Recharge Zone (EARZ), 

the Edwards Aquifer Contributing Zone (EACZ), and the Uplands Water Quality Zone 

(UWQZ). Furthermore, the development density in each respective zone was different, 

ranging from only utility lines and street crossings in the Critical Water Quality Zone to 

40% impervious cover for some developments in the Uplands Water Quality Zone 

(Paulson, 1988).  

The Critical Water Quality Zone included land within 400 feet of Barton Creek 

and within 200 feet of a major tributary (Dyer, 1995). Some types of development 

allowed in the CWQZ included street crossings, utilities, parks, and open space (Dyer, 
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1995). In terms of residential development, one and two-family residences having an 

average density of one unit per three acres and a two acre minimum lot size were 

permitted (Dyer, 1995).  

Land within 300 feet of the CWQZ fell under the Lowland Water Quality Zone 

restrictions. Land which lay above the Edwards Aquifer fell into the Edwards Aquifer 

Recharge Zone and the Edwards Aquifer Contributing Zone (Dyer, 1995). Residential 

development was restricted to one and two-family residences with an average density 

of one unit per three acres and a one acre minimum lot size (Dyer, 1995). Commercial 

development was permitted only if 40% of the site remained undeveloped or was 

returned to its natural state to serve as a drainage buffer zone (Dyer, 1995). Impervious 

cover was required to be below 30% in addition to slopes being less than 15% (City of 

Austin, 1980).  

Land in the Upland Water Quality Zone was allowed to be developed with one 

and two-family residences with an average density of one unit per two acres and a 

minimum lot size of a three-quarter acre (Dyer, 1995). Commercial development was 

permitted under the same stipulations as that in the Edwards Aquifer Recharge and 

Contributing Zones, although the impervious cover permitted was capped at 35% 

instead of 30%. Additionally, impervious cover could increase to 45% in addition to the 

density being increased to one unit per one acre with a half-acre minimum lot size as a 

result of a transfer of development rights (TDR) bonus (City of Austin, 1980a). According 

to Dyer (1995), TDRs were a method for developers to increase their site’s density or 

impervious cover and for the city to acquire park land. An example of a TDR would be if 

a developer donated land for parks in the CWQZ and the LWQZ, the city would allow 

them to increase their density or impervious cover in the UWQZ (Dyer, 1995). At the 

time, the Barton Creek Watershed Ordinance was “the most restrictive ordinance 

approved by City Council and the first to restrict development for the protection of the 

Edwards Aquifer” (Dyer, 1995).  
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The Williamson Creek Watershed Ordinance (No. 801218-W) 

The third and final watershed ordinance approved by City Council in 1980 was 

the Williamson Creek Watershed Ordinance (WCWO). Spurred by environmental 

concerns caused by the development in the Barton Creek Watershed, concern shifted to 

the Williamson Creek Watershed located south of the Barton Creek Watershed 

(Paulson, 1988). The Edwards Aquifer Task Force was assigned to write this ordinance 

and any subsequent ordinances for watersheds that either contributed to or flowed 

across the recharge zone for the Edwards Aquifer (Edwards Aquifer Task Force, 1981). 

This ordinance shared significant similarities with the Barton Creek Watershed 

Ordinance; however, it was less stringent on impervious cover and density regulations 

(Paulson, 1988). These less stringent controls were exchanged for exemption 

requirements which necessitated that the landowner who petitioned for the exemption 

show a final plat recording before the effective ordinance date (Paulson, 1988).  

 

The Lower Watersheds Ordinance (No. 810514-S) 

A year later, in 1981, the city passed the Lower Watersheds Ordinance (LWO). 

The Lower Watersheds Ordinances essentially comprised of several ordinances, 

including: the Slaughter, Bear, Onion, and Little Bear aquifer-related watersheds 

ordinances (Paulson, 1988). Fortunately, the ordinance was adopted before substantial 

growth occurred in the area (Paulson, 1988). In addition to some of the restrictions of 

the Lake Austin and Barton Creek Watershed Ordinances, the Lower Watersheds 

Ordinance incorporated Water Quality Buffer Zones. These newly defined zones were 

created to work in tandem with the Critical Water Quality Zone to establish up to 400 

feet of protected area along the tributaries and main channels of Slaughter, Onion, 

Bear, and Little Bear Creeks (City of Austin, 1981).   
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The Comprehensive Watersheds Ordinance (No. 860508-V) 

On May 8, 1986, the city passed the Comprehensive Watersheds Ordinance 

(CWO), which was regarded as the most momentous non-point water quality control 

document in the state of Texas’ municipal history (Paulson, 1988).  The CWO extended 

site development and new subdivision regulations to all land in the city of Austin and its 

extra-territorial jurisdiction (ETJ), based on the qualities of the watershed in which a 

property lies (Paulson, 1988). This extension of regulations to watersheds that did not 

provide drinking water for the city made this ordinance unique in comparison to all 

previously adopted ordinances.  

Each of the watersheds was placed into one of the following four categories: 

urban, suburban, water supply suburban, and water supply rural (Paulson, 1988). The 

suburban category currently has 78% of Austin’s undeveloped land. The development 

regulations for each category range from essentially no new controls for the urban 

watersheds to highly restrictive controls in the water supply rural watersheds (Paulson, 

1988). The watersheds that are classified as “urban” all lie within a two to three mile 

radius of the central business district (CBD) and are fully developed (Paulson, 1988). 

Those urban watersheds include: Shoal, Waller, Buttermilk, Little Walnut, Fort Branch, 

Tannehill, Boggy, Town Lake, Harper’s Branch, Blunn, East Bouldin, West Bouldin, and 

Johnson. According to Slagle et al. (1986) these urban watersheds contribute the most 

to the aquatic pollution problems of the Colorado River.  

The suburban watersheds included South Boggy, Carson, Cedar, Cottonmouth, 

Country Club, Decker, South Dry Creek, East Dry Creek, Elm, Gilleland, Harris Branch, 

Maha, Marble, North Fork, Rinard, Walnut, Wilbarger Creek, part of the Colorado River 

located downstream of U.S. 183, and the sections of Onion, Bear, Little Bear, Slaughter, 

and Williamson Creek watersheds that do not lie in the Edwards Aquifer Recharge or 

Contributing Zones (City of Austin, 1986).  
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Watersheds that were placed in the water supply suburban category are: parts 

of Barton Creek, Bull, West Bull, North Dry and West Dry, Taylor Slough, Lake, Rattan, 

and parts of Town Lake as well as Lake Austin, and the sections of Williamson, Slaughter, 

and Brush Creek which lie within the Edwards Aquifer Recharge or Contributing Zones 

(City of Austin, 1986).  

The water supply rural watersheds have the most restrictive controls under the 

CWO. These watersheds include: Lake Austin, Lake Travis, Little Barton Creek, Barton 

Creek, and parts of the Onion, Bear, Little Bear, and Slaughter Creek watersheds that lie 

within the Edwards Aquifer Recharge or Contributing Zones.  

Along the banks of the different waterbodies such as creeks, rivers, lakes, and 

their tributaries the Critical Water Quality Zones were established. No new development 

was allowed in the Critical Water Quality Zones. Another zone, the Water Quality Buffer 

Zones, do allow limited development. Parcels that are not located in either of these 

aforementioned zones are termed the Upland Zone whereby most of the permitted 

development may occur (EPA, 1976). Impervious cover in the Water Quality Buffer 

Zones was limited to the range of 18% - 30% (Dyer, 1995). In the Upland Zone, 

permissible impervious cover limits ranged from 30% - 65% (Dyer, 1995).  

Essentially, the CWO extended water quality protection throughout the City of 

Austin’s planning area to all watersheds, excluding the urban watersheds, whose 

regulations remained largely unchanged (City of Austin, n.d.-b). City Council was 

“desirous of adopting appropriate development rules and regulations for the purpose of 

protection of the watersheds within its jurisdiction as a facet of its overall program for 

the control and abatement of pollution resulting from generalized discharges of 

pollution which are not traceable to a specific source such as storm sewer and 

wastewater discharges and urban runoff from rainwater” (City of Austin, 1974).  

Prior to the implementation of the CWO, Austin’s water quality ordinances were 

adopted with the aim of protecting the watersheds that feed into the city’s drinking 
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water supply (Paulson, 1988). Essentially, one of the main aims of the CWO was to 

control non-point source pollution. Paulson (1988) notes that the CWO was also a 

strategy for the city to “…prevent, slow down, or control urban growth within its 

jurisdiction” (Paulson, 1988). Ordinances have been used across the nation to prevent, 

slow down, or control urban growth for a variety of reasons such as the inability to 

produce services, to prevent changes to a community’s status quo, or to protect aspects 

of the natural environment (Paulson, 1988). The ordinances that were implemented 

before the 1986 CWO “…relied on requirements for the use of structural and 

nonstructural stormwater control and treatment methods” (Paulson 1988). Structural 

controls include retention, detention, sedimentation, or filtration basins, overland flow 

and street sweeping, amongst others (Paulson, 1988). However, these methods can be 

costly and may be seen as an economic burden. Nonstructural controls include density 

and impervious cover limitations and have had some controversial reception due to the 

economic impact they may have on land developers (Paulson, 1988). However, the CWO 

placed an emphasis on the use of these nonstructural controls due to the concern 

regarding the “effectiveness of structural controls without a commitment by the 

community to pay the costs associated with maintenance” (Paulson, 1988). Some of the 

water quality protection controls included stream setbacks, limits on impervious cover, 

net site area and critical environmental feature protection (City of Austin, n.d.-b).  

Furthermore, the CWO stipulated extensions to the Critical Water Quality Zones 

and Water Quality Buffer Zones from previous ordinances (Paulson, 1988). The 

watershed’s classification as well as the size of the drainage basin are key determinants 

of the size of the Critical Water Quality Zones, in which no development is permitted 

(Paulson, 1988).  Water Quality Buffer Zones lie adjacent to CWQZs and these zones 

have highly restrictive development regulations (Paulson, 1988). Both CWQZs and 

WQBZs serve as key water pollution controls due to the fact that they can serve as a 

filter for overland runoff, which is laden with sediment and a range of pollutants 
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(Paulson, 1988). Other benefits of these zones include the stabilization of steeply sloped 

land near creeks, erosion mitigation through reduced runoff velocity, increased water 

infiltration and increased channel stability (Paulson, 1988). Paulson (1988) points out, 

however, that additional factors should be considered when evaluating the non-point 

source pollution reduction effectiveness of these buffer zones. A key factor is the 

presence of vegetation in these zones, which was considered to be “generally poor” up 

to two years after the adoption of the CWO (Paulson, 1988). However, the City of Austin 

today has implemented riparian buffer requirements in the 2013 Watershed Protection 

Ordinance.   

The CWO also specified net site area regulations, which was a new stipulation 

that had not been included in previous ordinances (Paulson, 1988). Net site area is 

defined as the land that is in the Upland Zones (areas that do not lie in the CWQZs or 

the WQBZs), excluding land designated for wastewater irrigation, and then calculated to 

include all acreage on 1-15% slopes; added to 40% of the acreage on 15-25% slopes; 

added to 20% of the acreage on 25-35% slopes (City of Austin, 1986).  

 

Composite [Watersheds] Ordinance (No. 911017-B) 

Five years later, the City passed the Composite Ordinance, which revised the 

Austin City Code. The Ordinance also set non-degradation requirements for the Barton 

Creek Watershed. Water quality structures were to be constructed by developers on a 

mandatory basis in order to capture, filter, and release runoff at slow a rate (Dyer, 

1995). Similar to previous ordinances, the Composite Ordinance had impervious cover 

regulations and specified a list of four pollutants (Dyer, 1995). Impervious cover was 

required to be between 12%-35% in the Water Quality Transition Zone and the Uplands 

Zone. Similar to the CWO, no development was permitted in the CWQZ. Four key 

categories were used to classify the watersheds, namely: Water Supply Suburban, Water 

Supply Rural, Barton Springs, and Barton Creek (Dyer, 1995). Waivers, special 



  

52 
 

exemptions, and transfer of development rights were allowed under the Composite 

Ordinance (Dyer, 1995).  

 

Save Our Springs Ordinance (No. 920903-D) 

The Save Our Springs (SOS) Ordinance was adopted by the Austin City Council on 

September 3, 1992. Unlike previous watershed ordinances, the SOS Ordinance was 

birthed out of citizen initiative. The main aim of the ordinance was to protect Barton 

Springs and the aquifer that supplies the Barton Springs pool and the Zilker Park 

swimming hole (Dyer, 1995). The primary stipulation of the SOS was a decrease in the 

impervious cover limitations. For the Edwards Aquifer Recharge Zone, impervious cover 

was reduced to 15%; in the Barton Springs Contributing Zone, impervious cover was 

limited to 25%; and in the Barton Creek Contributing Zone it was limited to 20% (Dyer, 

1995). Three water quality zones were outlined in the SOS Ordinance, namely: the 

Critical Water Quality Zone, the Water Quality Transition Zone, and the Uplands Zone 

(Dyer, 1995). Additionally, the SOS Ordinance expanded the list of water quality 

pollutants from the previously listed four pollutants, as specified in the Composite 

Ordinance, to thirteen pollutants (Dyer, 1995).  

 Overall, the SOS Ordinance limits the amount of development (building and 

impervious surfaces) through restrictions of construction density as well as a cap on the 

amount of allowed pollutants in stormwater runoff (Dyer, 1995). Transfer of 

development rights are allowed under the SOS Ordinance. Unlike the Composite 

Watershed Ordinance, however, the SOS ordinance does not allow waivers, variances, 

or exemptions of any kind unless the City Council allows alterations to a development 

application on a case-by-case basis. Additionally, the Ordinance was supposed to 

establish “fair, consistent, and cost effective administration of the City’s watershed 
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protection ordinances, and to promote public health, safety, and welfare” (City of 

Austin, 1992).  

 

Watershed Protection Ordinance (No. 20131017-046) 

The City’s Watershed Protection Ordinance (WPO) was passed on October 17, 

2013. This 162-page ordinance includes over 220 code changes. Some of the key areas 

of change include: headwaters stream buffers, erosion hazard protections, floodplain 

modification requirements, and trails facilitation and provisions. The new provisions for 

the key areas listed above will be detailed below. Unless otherwise stated, the 

descriptions provided are derived from Hollon’s (2013) “Watershed Protection 

Ordinance (WPO) Phase 1 Overview”.  

Under the updated stream buffer provisions, the stream buffers of minor 

“headwaters” are extended to sixty-four acres of drainage across the city. Additionally, 

drainage area thresholds were standardized for the entire city: sixty-four acres for minor 

waterways, 320 acres for intermediate waterways, 640 acres for major waterways. 

Critical Water Quality Zone buffer widths in suburban areas were simplified as follows: 

100 feet for minor waterways, 200 feet for intermediate waterways, and 300 feet for 

major waterways.  

Land uses within the Critical Water Quality Zone were also updated. Permitted 

uses now include: roadway crossings for centers and corridors, urban 

agriculture/community gardens, utility lines, green water quality controls, athletic fields, 

and trails.  

The Water Quality Transition Zone buffers were eliminated from Suburban 

watersheds. Net set area no longer applies to urban or suburban watersheds; instead, 

gross site area is the basis for the impervious cover calculation in the suburban 

watersheds. Buffer averaging is allowed in Suburban watersheds to reduce creek buffers 

by up to one-half given that the overall amount of area protected stays the same.  
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Table 3.1 below shows the proposed increases in buffer length per watershed 

class and was adapted from Hollon’s (2013) presentation titled “Watershed Protection 

Ordinance (WPO): Overview & Impact Analysis”.  

 

Table 3.1: Proposed Increases in Buffer Length per Watershed Class  

Watershed  

Class  

Buffer Length (mi.) Percent Increase  

Existing  Proposed Net New  

Barton Springs Zone  215 235 21 10% 

Suburban  393 755 362 92% 

Urban  94 94 0 0% 

Water Supply Rural  118 118 0 0% 

Water Supply Suburban  59 76 17 29% 

Total  878 1,278 400 46% 

 

Additional erosion hazard zone (EHZ) protections were specified, requiring that 

development not result in additional erosion impacts to other properties. No 

improvements, including utility lines, are permitted within the EHZ, unless protective 

works are incorporated. Particular emphasis is placed on redevelopment or infill 

projects for these EHZ protections. Erosion Hazard Zone analysis is mandatory for site 

plans, subdivisions and building permits that are located within 100 feet of classified 

waterways.   

Floodplain controls were also revised. In general, floodplain modification is 

prohibited, unless the following conditions apply:  

• Necessary to protect the public health and safety;  

• Necessary for development allowed in the Critical Water Quality Zone by Code 
(e.g., trails, parks, etc.); 
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• Provide a significant, demonstrable environmental benefit, as determined by a 
functional assessment of floodplain health;  
or  

• Located in an area outside of the Critical Water Quality Zone and determined to 
be in “poor” or “fair” condition by a functional assessment of floodplain health.  

• No subjective “natural & traditional character” standard (Hollon, 2013). 

New provisions were established for trails that are located in CWQZ buffers. The 

first revision was to allow hard-surface multiuse trails in the CWQZ buffer, although they 

are required to be in the outer portion of the buffer. Exceptions are considered if: space 

is not available, is still located outside the Erosion Hazard Zone or an administrative 

variance is given. Maximum widths for the trails are set at twelve feet, or based on the 

stipulation of the Urban Trails Master Plan. All trails are required to be built following 

the regulations outlined in the Environmental Criteria Manual.  

There are several principal lessons to note from this chapter, as they will inform 

the analysis in the following chapters. While the chapter discusses all the watershed 

protection ordinances passed by the City, the next few paragraphs will focus on the key 

implications of Comprehensive Watershed Protection Ordinance.  

A primary point to highlight from the CWO was the implementation of creek 

buffers, a non-structural BMP. Within these creek buffers, the City also specified 

impervious cover regulations. Along the banks of creeks and streams, the City 

established Critical Water Quality Zones whereby no development or impervious cover 

was allowed. The next buffer zone was termed the Water Quality Buffer Zones where 

impervious cover was limited to the range of 18%-30% (Dyer, 1995). Finally, the third 

buffer zone was termed the Upland Zone, where permissible impervious cover limits 

ranged from 30%-65% (Dyer, 1995). With these impervious cover regulations, we expect 

that watersheds which were developed primarily after the passing of the CWO will have 

lower percentages of impervious cover. This will then suggest that we may see lower 

heavy metal pollution levels in these watersheds. The presence of vegetation in the 
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Critical Water Quality Zones and the Water Quality Buffer Zones would function as 

water pollution controls due to the fact that they filter stormwater runoff (Paulson, 

1988). Theory also tells us that the presence of a riparian buffer decreases water 

temperatures and the fluctuation of water temperatures, which is favorable for 

sustaining a range of aquatic life. Hence, we expect the post-CWO watersheds to have 

increased levels of macroinvertebrate biodiversity.  
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Chapter Four: Research Design/Methods  

  

In this chapter, the research methods are discussed. I begin by describing the 

study design and the study sample. Following this discussion, I provide a description of 

the watersheds and the process of how those watersheds were selected. The next 

section discusses the study dataset. I review my data collection process including where 

I obtained the GIS shapefiles used in this study as well as the stream health data. Finally, 

I describe my analysis methods, beginning with the mapping of stream health variables 

in GIS. After the GIS analysis, I discuss my approach to the statistical analysis for this 

study, beginning with a univariate analysis. A bivariate analysis proceeds the univariate 

analysis. Lastly, I discuss the regression analysis. The inclusion of GIS and statistical 

analyses was chosen due to the unique contributions the two approaches would yield to 

our understanding of stream health in Austin.  

 
Study Design and Sample  
 

This research study is a mixed-methods descriptive comparative case study 

between creeks within watersheds that were primarily developed prior to Austin’s 

Comprehensive Watersheds Ordinance (1986) and those in watersheds that were 

primarily developed after the implementation of the CWO. The terms pre-CWO and 

post-CWO were used to refer to those creeks accordingly. The findings of this study will 

determine whether the City’s water quality protection regulations have had a positive 

impact on stream health.  

A total of forty-eight creeks were analyzed in this study. Certain creeks were 

excluded from this analysis due to lack of data such as the impervious cover estimates 

and/or lack of stream health data. For example, on the watershed fact sheet for Hucks 

Slough, the City notes that the creek was dropped from regular sampling as a result of 
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the watershed’s small size and the absence of a sufficient baseflow to conduct proper 

sampling (City of Austin, n.d.-a). 

 

Watershed Description and Selection Process 
 

All sixty-seven watersheds regulated by the City of Austin were eligible to be 

included for this study; however, only forty-eight of those had complete data needed to 

perform the analysis. Watersheds excluded from this study include: Bull Creek, Huck’s 

Slough, Harrison Hollow, Lake Austin, Maha Creek, Colorado River, Cedar Hollow, Bohls 

Hollow, Buttermilk Branch, Coldwater Creek, Connors Creek, Hog Pen Creek, Honey 

Creek, Lake Travis, South Brushy Creek, St. Stephens Creek, Town Lake, Wilbarger Creek, 

and Short Spring Branch (see Appendix B for a map of watersheds included). 

The watersheds included in this study lie in the Blackland Prairie and the 

Edwards Plateau ecoregions, which both have unique soil qualities. Blackland Prairie 

soils are found in an estimated 12.6 million acres of east-central Texas. This soil type 

extends “southwesterly from the Red River to Bexar County” (Natural Resources 

Conservation Service, U.S. Department of Agriculture, n.d.). In terms of permeability, 

the surface draining of this soil is characterized as moderate to rapid (Natural Resources 

Conservation Service, U.S. Department of Agriculture, n.d.). The upland soils as well as 

bottomland soils are “deep, dark-gray to black alkaline clays” (Natural Resources 

Conservation Service, U.S. Department of Agriculture, n.d.). Blackland Prairie soils are 

also referred to as “cracking clays” due to the large and predominant cracks that are 

formed in dry weather (Natural Resources Conservation Service, U.S. Department of 

Agriculture, n.d.). A key management issue with this soil type includes water erosion 

(Natural Resources Conservation Service, U.S. Department of Agriculture, n.d.). There is 

a total of 22.7 million acres of Edwards Plateau soils which are located in south-central 

Texas, west of the Blackland Prairie and east of the Trans-Pecos. Drainage of this soil 

type is rapid.  Upland soils are “mostly shallow, stony, gravelly, dark alkaline clays and 
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clay loams underlain by limestone” (Natural Resources Conservation Service, U.S. 

Department of Agriculture, n.d.). In terms of topography, the landscape becomes hilly 

close to large stream valleys. Bottomland soils are “mostly deep, dark-gray or brown, 

alkaline loams and clays” (Natural Resources Conservation Service, U.S. Department of 

Agriculture, n.d.). Key soil management issues include excess lime and limited soil 

moisture (Natural Resources Conservation Service, U.S. Department of Agriculture, n.d.).  

Table 4.1 below provides a summary of the key statistics discussed above.  

 

Table 4.1: Summary of Blackland Prairie and Edwards Plateau Ecoregion Characteristics  

 Blackland Prairie  Edwards Plateau  

Area in Texas (million acres) 12.6 22.7 

Drainage Quality Moderate to Rapid  Rapid 

Soil Characteristics  Deep, dark-gray to black 

alkaline clays 

Primarily deep, dark-gray or 

brown alkaline loams or clays 

Management Issues  Water erosion Excess lime and limited soil 

moisture 

 

The watersheds range in size from 0.56 square miles (Harper’s Branch) to 210.50 

square miles (Onion Creek). Out of the sixty-seven watersheds, thirty-five were primarily 

developed prior to the passing of the CWO. The average land parcel development dates 

range from 1949 (Waller Creek) to 2008 (Connors Creek). Impervious cover percentages 

range from 3.2% (Rinard Creek) to 58% (Waller Creek). In terms of impervious cover, 

watersheds that were primarily developed prior to the passing of the CWO had an 

average impervious cover of 34.1%, according to 2013 estimates published by the City of 

Austin. For watersheds whose development occurred mostly after the implementation 

of the CWO, the average percentage of impervious cover was 9.5%, although impervious 

cover estimates were missing for eleven of these post-CWO watersheds. 



  

60 
 

  Stream health will be measured in terms of five water quality indexes, namely: 

macroinvertebrate biodiversity (number of taxa), quantity of heavy metals (lead and 

chromium), quantity of nutrients (nitrates) and water temperature (in degrees Celsius). 

These indexes will constitute the dependent variables in the statistical analysis. The 

independent variables will include: watershed classification (pre-CWO or post-CWO), 

watershed size, percentage impervious cover, and the percentage of the watershed land 

that is developed. Impervious cover will be used as the key indicator or variable 

representing the regulations imposed by the CWO.  

 

Description of the Dataset  
 

This study used a combination of secondary as well as primary data. The major 

components of stream health data analyzed in this study, namely: nitrates, heavy 

metals, macroinvertebrate biodiversity and water temperature were obtained from the 

City of Austin Watershed Protection Department’s Environmental Integrity Index (EII) 

Program. This data is available for download through the City of Austin’s website 

(https://austintexas.gov/department/environmental-integrity-index). According to the 

EII data, the stream health indicators were categorized into one of three mediums, 

namely: groundwater, surface water, and sediment. The mediums indicate the type of 

material analyzed for a particular stream health parameter. Data for parameters found 

in sediments, such as metals, are only collected at one site per stream usually at the 

mouth. Data collection sites for groundwater and surface water parameters range from 

three to four per creek and are situated throughout the upstream to downstream 

gradient. The GIS shapefiles for the watersheds were downloaded through the City of 

Austin’s website: (ftp://ftp.ci.austin.tx.us/GIS-Data/Regional/coa_gis.html). Ecoregion 

shapefiles were downloaded from the Texas Parks and Wildlife website 

(http://tpwd.texas.gov/gis/data). Data for the development date of Travis County land 

parcels were obtained from planners working for the City of Austin. Primary data in the 

https://austintexas.gov/department/environmental-integrity-index
ftp://ftp.ci.austin.tx.us/GIS-Data/Regional/coa_gis.html
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form of conversations with planning practitioners, stream ecologists, and research 

associates working for the City of Austin Watershed Protection Department and the 

Texas Water Resources Institute at Texas A&M University supplemented the secondary 

data employed in this study.  

 

Plan of Analysis  
 
Pre-Analysis  

A pre-study analysis was conducted in order to obtain the necessary data for this 

study. This analysis included obtaining Travis Central Appraisal District (TCAD) GIS 

shapefiles which specify the development dates for land parcels throughout Travis 

County. The second GIS dataset used was the City of Austin’s Watersheds shapefile. The 

“Select by Location” function in ArcGIS 10.2 was used to allocate land parcels to specific 

watersheds in order to determine the average land parcel development date per 

watershed. The spatial selection method used was to select parcels that “are completely 

within the source layer feature.”  A Microsoft Excel 2013 spreadsheet was then created 

listing the average development dates for each watershed. Watersheds that were 

primarily developed prior to the passing of the 1986 Comprehensive Watersheds 

Ordinance (pre-CWO) were coded as “1”. Watersheds that were primarily developed 

after the 1986 ordinance (post-CWO) were coded as “0” in order to perform the 

required statistical analysis, which will be discussed later. Watershed ecoregion 

classification was coded as follows: Blackland Prairie as “1”, Edwards Plateau as “2”, and 

watersheds with both ecoregional soil types as “3”. The ArcGIS “Clip” tool was used to 

extract watersheds according to the ecoregion in which they are located. 

Some of the sample EII data needed to be homogenized in terms of their units of 

measurement. For example, some of the data for the metals was listed in micrograms 

per kilogram or milligrams per kilogram. All data for nitrates have been homogenized to 
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milligrams per liter; data for lead and chromium have been homogenized to milligrams 

per kilogram. The median values of all observations for nitrates, lead, chromium, water 

temperature, and macroinvertebrate biodiversity for each creek were calculated. This 

would address the challenge of selecting which dates to sample, as seasonal variations 

influence baseflow and hence affect the concentrations of stream health parameters. 

Seasonal variations, such as periods of little to no rainfall can allow for a long period of 

pollutant accumulation, resulting in higher pollutant concentrations during the initial 

rainfall of the wet season (Lee et al., 2007). The sample data for all forty-eight streams 

was arranged in an Excel spreadsheet (see Appendix B). Figure 4.1 below provides a 

summary of the steps of analysis in this study.  

 

 

                                                         Figure 4.1: Flow chart showing the steps of analysis for this study  

 

 

Pre-Study Analysis 
- Data compilation & refinement 
- Selection of creeks for analysis

GIS Analysis
- Mapping of watershed characteristics and stream health 
variables

Univariate Analysis 
- Descriptive statistics on independent and dependent 
variables

Bivariate Analysis 
- Pearson's correlation tests between independent and 
dependent variables

Regression Analysis

- Regression modeling for stream health parameters
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Definition of the Variables  

The five stream health variables used for this study are as follows: amount of 

lead (MG/KG), amount of chromium (MG/KG), amount of nitrates (MG/L), water 

temperature (degrees Celsius) and number of macroinvertebrate taxa (total count). For 

the statistical analysis, these were the dependent variables.  

The independent variables or the ‘predictors’ included the watershed 

classification (pre-CWO or post-CWO), watershed size, the soil type (determined by 

ecoregion classification), the percentage of impervious cover, and the percentage of 

developed watershed land. For the statistical analysis, pre-CWO watersheds were coded 

as “1” and post-CWO watersheds are coded as “0” in order to make them quantifiable 

variables in the regression equation.  

 

Univariate Analysis  

Statistical analysis was performed using IBM® SPSS® Statistical Package Version 

24. Simple univariate analysis for all five stream health variables (nitrates, lead, 

chromium, water temperature, and macroinvertebrates) was conducted. Performing the 

univariate analysis provided a good description of the data. The central tendency and 

distribution of the stream health data for all watersheds was investigated for this part of 

the statistical analysis.  

 

Bivariate Analysis  

Once the univariate analysis was performed, a bivariate analysis was carried out. 

The bivariate analysis was conducted between the independent and the dependent 

variables in order to determine empirical relationships. For example, a series of bivariate 

analyses was used to examine the relationship between watershed classification (pre-

CWO or post-CWO) and the stream health variables (lead, chromium, nitrates, 
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temperature, and macroinvertebrate biodiversity). These results are presented in a 

Pearson’s correlation matrix in chapter five.  

 
Regression Analysis  

The regression analysis attempted to establish how several independent 

watershed characteristics such as the watershed size, the percentage of impervious 

cover, the percentage of developed watershed land, and the watershed classification 

(pre or post-CWO) affect the levels of lead, chromium, nitrates, water temperature, and 

macroinvertebrate biodiversity, which were the dependent stream health variables. 

As previously mentioned, the watersheds were coded as “0” vs “1” so as to make 

the variable a quantitative variable so that it can be used as a predictor in the regression 

equation. Soil type, as specified by ecoregion, was coded as “1”, “2”, or “3”. The 

proportion of variance and the p-values for each regression model was determined. The 

model output revealed which predictors had a statistically significant impact on the 

stream health variables. Regression equations were formed to show how the 

independent variables predict or influence the stream health. 

Hypotheses have been made and the results of the regression models will be used to 

reject or to fail to reject the hypotheses. These hypotheses are as follows:  

• Higher percentages of impervious cover will result in higher lead and chromium 

concentrations, higher water temperatures, and decreased macroinvertebrate 

biodiversity  

• Lower percentages of developed watershed land will result in lower lead and 

chromium concentrations, increased macroinvertebrate biodiversity, and 

increased nitrates  
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Study Limitations and Strengths  
 

There are several limitations in this proposed study that must be identified. An 

inherent characteristic of the case-study research design is a limitation in terms of the 

generalizability of findings due to a relatively small sample size, although the inclusion of 

a comparative case has added validity to the research.  A small sample size may also 

affect statistical significance. Some findings may tend to be statistically insignificant, 

even though they have a meaningful relationship in reality. For example, in this study’s 

regression equation for lead concentration, impervious cover was not statistically 

significant for predicting lead levels with a p-value of .067. However, previous research 

has shown that heavy metal loading is in fact influenced by the amount of impervious 

cover.  However, with the supplementation of findings from previous research and 

primary data from discussions with planning practitioners in this field, these 

relationships will be explained in my analysis.  

The influence of unaccounted confounding “natural” landscape variables is 

always a possibility with studies assessing the relationship between land use and water 

quality. For example, the topography or slope in a watershed will have an effect on the 

drainage capacities in the area. Including a variable for the slope as a predictor in a 

regression equation may increase the explanatory ability of the models. In this study, I 

used the ecoregion as a “natural” landscape variable, as they have unique soil types 

which will have an impact on drainage. Another “natural” variable to consider would be 

periods of drought or heavy rainfall. Research has shown a spike in pollutant 

concentrations following the first rainfall after a period of drought. Yu et al. (2014) 

found significantly high levels of metals in rainwater, particularly during the first hour of 

rainfall. The primary cause of this occurrence is metal-enriched dust pollution, which is 

common in highly urbanized areas (Yu et al., 2014).  

 Although this study has certain limitations, measures were taken to enhance the 

validity of the study, such as the supplementation of primary data and the use of mixed-
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methods. Conducting a case study research allows for the finding of in-depth, context-

dependent knowledge. According to Flyvbjerg (2006), this type of knowledge is essential 

to learning in that it allows researchers to move from the realm of rule-based 

knowledge to real-life scenarios. The combination of the two approaches is considered 

the highest levels of learning. A major strength of this study is the inclusion of all 

watersheds in the city which had supporting data for the analysis. This increases the 

sample size for the study and eliminates some of the challenges associated with a 

smaller sample size for a comparative case study. One example of such a challenge is 

how to perform the purposive sampling. When choosing only some watersheds for 

comparison, certain characteristics need to be taken into account in order to provide for 

a viable comparison. Some of these characteristics to consider include the watershed 

size, the current impervious cover, and the natural features of the ecoregion such as soil 

type.  

One contribution of this study is the expansion of knowledge regarding 

development impacts on Austin’s streams. The findings of this study will be useful when 

establishing future land use development policies and watershed protection strategies 

in the city of Austin. The methods used in this study can be applied to a range of 

watershed evaluation scenarios. To the best of my knowledge, the direct comparison in 

stream health between pre-CWO and post-CWO watersheds has not been investigated. 

Further, the use of EII sediments data to directly compare stream health in the city will 

present a novel method of analysis.  
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Chapter Five: Study Findings    
 

As mentioned earlier in the methods section, this was an exploratory mixed-

methods study. This chapter will discuss the study results analyzed from both the ArcGIS 

and the SPSS analysis. The first section will discuss findings from ArcGIS followed by the 

SPSS results.  

For the statistical analyses, Watershed Classification, Developed Land, 

Watershed Size, Soil Type, and Impervious Cover were the independent variables. The 

stream health parameters including lead, chromium, nitrates, macroinvertebrate 

biodiversity, and water temperature were the dependent variables.  The bivariate 

analysis between the variables did not yield strong linear relationships (r below .60), 

excluding the relationship between Watershed Classification and Macroinvertebrate 

Biodiversity (r = -.0616).   

The inner-city watersheds tend to have very low macroinvertebrate biodiversity 

levels, ranging from five to six different taxa. This is a significant difference from several 

of the outer-city watersheds which have macroinvertebrate biodiversity numbers of 

seventeen to nineteen different types of taxa. For the purposes of this study, creeks 

having more than thirteen different types of taxa were classified as having “high” 

macroinvertebrate biodiversity. Using this threshold, the majority of creeks (47.9%) fell 

in the “low” macroinvertebrate biodiversity category. Two regression models were 

constructed for the macroinvertebrate biodiversity stream health parameter. The 

second model included Nitrates and Water Temperature as predictor variables. Like 

Model 1, this second model was statistically significant (p=.000) and was able to explain 

68.6% of the variability in the number of macroinvertebrate taxa. This was a 13.6% 

increase in explanatory capability compared with Model 1. 
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The TCEQ has set screening values for pollutants in waterbodies. While several 

researchers have identified different approaches to determining these thresholds, the 

TCEQ had adopted the threshold effect concentration approach (TEC). These screening 

values will be used in the analysis of chromium, lead, and nitrate levels.  

In regards to chromium levels, the inner-city watersheds generally have high 

concentrations. However, the south-eastern part of the city has the highest chromium 

levels. Additionally, this area of the city appears to have a clustering of high chromium 

levels in the creeks. Another cluster of high chromium containing streams is located in 

the north-eastern part of the city. The watersheds with the lowest chromium levels are 

located in the north-western area of the city. Using the TEC screening value for 

chromium of 43.4 MG/KG, the majority of the creeks (77.1%) exhibited chromium levels 

below this threshold. An estimated 21% of creeks exceeded this screening value.  

Further analysis showed that the regression model for chromium concentration was 

statistically significant (p=.002) and was able to explain 34.6% of the variability in 

chromium concentration in the creeks.  

The highest lead levels are found in the inner-city creeks. There is a similar 

clustering of high lead levels in creeks located in the south-eastern part of the city. Using 

the TEC screening value for lead of 35.8 MG/KG, roughly 93.8% of the creeks had lead 

concentrations below this screening value. The remaining 6.3% exhibited concentrations 

above this value.  The regression analysis revealed that the model used in this study was 

not statistically significant (p =.067) but was approaching significance.  

High nitrate levels are generally found in the inner-city creeks. Gilleland Creek in 

the north-eastern part of the city has the highest nitrate levels. The TEC screening value 

of 3.5 MG/L revealed that almost all the creeks (97.9%) had observed nitrate levels 

below that value, with only 2.1% of the creeks exceeding the screening value. The 

regression analysis between Nitrates and Watershed Classification, Developed Land, 

Watershed Size, Soil Type and Impervious Cover was not statistically significant (p=.881). 
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Comparable to the levels of nitrate pollution, Gilleland Creek is also among the 

top four creeks with the highest water temperatures. For the purposes of this study, the 

threshold of 20.00 degrees Celsius was set in order to identify creeks which had 

distinctly high water temperatures. The majority of creeks (66.7%) had median water 

temperatures above 20.00 degrees Celsius, with the remaining 33.3% having 

temperatures below this value. Similar to the macroinvertebrate biodiversity regression 

analysis, two models were constructed for Water Temperature. When the Nitrates 

variable was added in Model 2 as a predictor, the overall model results also showed to 

be statistically significant (p=.000). Further, this second model was able to explain 53.9% 

of the variability in creek water temperature. This was a 1.1% increase in explanatory 

capability when compared with the first model. 

 

Mapping of Stream Health Variables  
 

ArcGIS 10.3 was used to create maps for some of the watershed and creek 

parameters in order to give a visual and spatial representation of the data. In order to 

visually represent the parameters, each creek had to be associated with their 

watershed’s “GEO.id” in ArcGIS. The City of Austin’s watershed shapefile was used to 

determine each watershed’s “GEO.id”, which was then entered into this study’s dataset. 

The Excel dataset which contained the stream health parameters was then linked with 

the spatial watersheds shapefile using the “join” function. The “join” was based on the 

unique “GEO.id” parameter.  

 

Watershed Classification  

Appendix C contains a map of the watershed classification – whether it is a pre 

or post-CWO watershed. The majority of watersheds in this study (29) were primarily 

developed prior to the passing of the CWO and are mostly located in the inner city area. 
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The table in Appendix D lists these watersheds, beginning with the earliest developed 

watershed, Waller Creek. A total of 19 post-CWO watersheds were included in this 

study. A table listing these watersheds and their stream health parameters can be found 

in Appendix E. A map of watershed land development by year is shown in Appendix F.  

 
Creek Macroinvertebrate Biodiversity  

The macroinvertebrate biodiversity across creeks in Austin’s watersheds is 

shown in Appendix G. Several of the inner-city watersheds such as East Bouldin Creek, 

Country Club East, and Harper’s Branch all have very low macroinvertebrate biodiversity 

levels, which range from five to six different taxa. This is a large contrast from several of 

the outer-city watersheds such as Onion Creek, Barton Creek, and Marble Creek to the 

south, who have macroinvertebrate biodiversity levels of seventeen to nineteen 

different types of taxa. To the north, the outer-city watersheds of Lake Creek, Bull 

Creek, Walnut Creek, Decker Creek, and Gilleland Creek all have high numbers of taxa 

diversity. Gilleland Creek has the highest number of taxa (21) and Country Club East has 

the lowest number of taxa (5).  

In terms of patterns, the map reveals that the outer-city watersheds generally 

have higher levels of macroinvertebrate biodiversity and the closer we get to the inner 

city, the lower the diversity levels. This is an interesting trend to note and compare with 

the respective impervious cover percentages. East Bouldin Creek and Harper’s Branch 

both have impervious cover percentages ranging from 52.2% to 58%. Generally, the 

inner-city watersheds exhibit the highest percentages of impervious cover, which range 

from 38.9% to 58%. Particularly towards the south of the city, impervious cover 

percentages tend to decrease as we increase in distance from the inner city. Dry Creek 

East and South Fork Dry Creek in the south-east of the city have among the lowest 

percentages of impervious cover, ranging from 3.2% to 4.4%.  
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Creek Chromium Levels  

           Chromium levels throughout the city range from 3.76MG/KG to 68.10 MG/KG (see 

Appendix H). The inner-city watersheds, which are also amongst the earliest developed 

watersheds, generally have high chromium levels. Waller Creek, Shoal Creek, Taylor 

Slough North, Harper’s Branch, Blunn Creek, East Bouldin Creek, and West Bouldin 

Creek are all inner-city watersheds that have chromium levels ranging from 13.25 

MG/KG to 39.80 MG/KG. Cottonmouth Creek, located in the south-eastern part of the 

city has the highest chromium levels (68.10MG/KG). In fact, this part of the city seems 

to have a clustering pattern of high chromium levels in the creeks. The watersheds 

included in this south-eastern cluster include: Marble Creek, Cottonmouth Creek, North 

Fork Dry Creek, South Fork Dry Creek, and Dry Creek East. Another cluster of high 

chromium containing creeks is located in the north-eastern part of the city and include 

Elm Creek and Decker Creek, with chromium levels ranging from 20.20 MG/KG to 27.10 

MG/KG. One reason for this observation may be due to drainage from major roadways 

such as I-35, US 71, or US 290.  

            The watersheds with the lowest chromium levels are clustered in the north-

western part of the city and include the following watersheds: Running Deer Creek, Bear 

Creek West, Panther Hollow, West Bull Creek, and Turkey Creek. These creeks have 

chromium levels within the range of 3.76 to 5.36 MG/KG.  

 

Creek Lead Levels  

 The lead levels in the city range from 3.98 MG/KG to 76.50 MG/KG (see 

Appendix I). Similar to the chromium levels, the highest lead levels are seen in the inner-

city creeks, namely: East Bouldin Creek, Harper’s Branch, Shoal Creek, Waller Creek, and 

Taylor Slough South, Taylor Slough North, Eanes Creek, Little Bee Creek, and Country 

Club West, with lead concentrations falling within the range of 21.00 - 76.50 MG/KG.  
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Similar to the chromium levels, the roadway density and vehicular use is higher in these 

watersheds, thus more toxic drainage from these impervious surfaces.  

 The map also reveals similar clustering of high lead levels in creeks in the south-

eastern part of the city. The creeks included in this cluster are: North Fork Dry Creek, 

Dry Creek East, and South Fork Dry Creek. Cottonmouth Creek, however, is not included 

in this cluster and in fact exhibits relatively low lead levels, within the range of 8.47 – 

10.20 MG/KG. Panther Hollow, Boggy Creek, and Running Deer Creek have the lowest 

lead levels which lie in the range of 3.98 – 4.55 MG/KG.  

 

Creek Nitrate Levels  

 Creek nitrate levels range from 0.06 MG/L to 4.82 MG/L throughout the city (see 

Appendix J). Gilleland Creek in the north-eastern part of the city has the highest nitrate 

levels (4.82 MG/L). This is interesting to note because it also has the highest number of 

macroinvertebrate taxa. This re-affirms Geismar’s (2001) point that although higher 

numbers of taxa seem favorable, they may be indicative of abnormal environmental 

conditions, in this case, high levels of nitrate stress. Generally, the creeks south of the 

Colorado River exhibit lower nitrate levels compared to those in the northern part of the 

city. The inner city creeks including Shoal Creek, Johnson Creek, East Bouldin Creek, and 

Taylor Slough South all have relatively high nitrate levels which range from 0.62 MG/L to 

2.79 MG/L.  

 

Creek Water Temperatures  

 High water temperature as well as high variation in seasonal temperatures may 

be indicative of the absence of a sufficient riparian cover. Median creek temperatures 

range from 15.80 degrees Celsius to 24 degrees Celsius throughout the city (see 

Appendix K). The creeks with the highest temperatures are Boggy Creek and Little 
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Walnut Creek, with median temperatures of 23.45 degrees Celsius and 24 degrees 

Celsius, respectively. Gilleland Creek, in the north-eastern part of the city is also among 

the top four creeks with the highest temperatures, with a median temperature of 22.7 

degrees Celsius. The creeks with the lowest median temperatures are North Fork Dry 

Creek, South Fork Dry Creek, and Bear Creek, and Little Bee Creek, with median 

temperatures within the 15.80 – 17.71 degrees Celsius range. Three out of these four 

Creeks are located in the southern part of the city.  Sampled temperatures for the 

creeks were taken from a range of mediums, including: surface water, ground water, 

and benthic cover.  

 

Descriptive Statistics   
 

This study comprised of a total of forty-eight watersheds.  Watersheds were 

classified as either Pre-CWO or Post-CWO, based on the average land parcel 

development date. If a watershed had an average parcel development date before 

1986, it was classified as pre-CWO. Watersheds with average parcel development dates 

after 1986 were classified as post-CWO. A frequency analysis of the dataset revealed 

that 19 (39.6%) of the sample were post-CWO and that 29 (60.4%) of the sample were 

pre-CWO (see Figure 5.1). The watersheds range in size from 0.56 square miles (Harper’s 

Branch) to 210 square miles (Onion Creek). A table of descriptive statistics for the 

variables can be found in Appendix L.  
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Twenty-one of the watersheds (43.8%), are located within the Blackland Prairie 

ecoregion. Fourteen of the watersheds (29.2%), are located in the Edwards Plateau 

ecoregion. A total of thirteen (27.1%) of the watersheds, had portions located in both 

the Blackland Prairie and Edwards Plateau ecoregions, as seen in Figure 5.2.  

 

 
                   Figure 5.2: Percentage of Watersheds in each Ecoregion 
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Figure 5.1: Percentage of Watersheds Developed Before or After the CWO  
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 The median percentage of impervious cover was 19.4%. The range of impervious 

cover was 54.8%, with the highest percentage of watershed impervious cover being 58% 

and the smallest percentage of watershed impervious cover being 3.2%.  

Impervious cover (IC) estimates for the watersheds were placed in three 

categories, based on threshold delineations established by previous research studies. 

Prior studies have shown that impervious cover estimates below 10% do not typically 

have significant negative stream health implications. Impervious cover percentages 

ranging from 25-60% are shown to have strong negative stream health effects. Using 

these IC thresholds, the watersheds were placed into one of three categories: IC low, IC 

medium, and IC high. Figure 5.3 on the following page reveals that the majority of 

watersheds (45.8%) have high percentages of impervious cover (between 25-60%). 

About 29.2% of the watersheds in the sample have low percentages of impervious cover 

(<10%). Twenty-five percent of the sample had impervious cover percentages between 

10% and 25% of their total watershed area. This finding relates to the watershed 

classification (pre-CWO or post-CWO). The majority of the watersheds in the sample 

were pre-CWO and those watersheds have some of the highest impervious cover 

percentages in the city. This finding is not surprising as the CWO was the first city-wide 

ordinance to impose impervious cover regulations.  
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 Figure 5.3: Distribution of Watersheds According to Amount of Impervious Cover  

 

The watersheds in the sample are all developed to different extents. To find the 

percentage of developed land per watershed, the total square mileage of developed 

parcels was divided by the watershed size. The median percentage of developed land 

within the sampled watersheds was 40.0%. The range of total developed watershed 

land between watersheds was 59.43%, with one watershed having 59.52% of its total 

square mileage developed and one watershed having less than 1% of its total square 

mileage developed.  

The extent of development per watershed was separated into three categories 

(low, medium, and high) based on the following thresholds, respectively: 0-19%, 21-

44%, 45-60%. The majority (43.8%) of the watersheds have “high” levels of developed 

land, as shown in Figure 5.4. Approximately 29.2% of the watersheds have “medium” 

levels of developed land ranging from 21% to 44%. Only 27.1% of the watersheds have 
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“low” land development percentages, which ranges from 0% to 19% of the total 

watershed area.  

 

 

 
Stream Health Analysis  
 

 Correlation analyses were performed between several of the independent 

variables and the dependent stream health variables (lead, chromium, nitrates, 

macroinvertebrate biodiversity, and water temperature). The results from the Pearson 

Correlation analysis are displayed in Table 5.1 on the following page.  
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Figure 5.4: Distribution of Watersheds According to Amount of Developed Land  
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Table 5.1: Pearson Correlation Matrix  

 

 The results provide evidence for us to determine the strengths of the linear 

relationships between the variables (represented by Pearson’s r). Evans (1996) provides 

a guide to the strength of correlations, as determined by the absolute value of r:  

• .00 - .19 “very weak” 

• .20 - .39 “weak” 

• .40 - .59 “moderate” 

• .60 - .79 “strong” 

• .80 - 1.0 “very strong”  

The majority of the results did not reveal strong linear relationships (r below .60), except 

for the relationship between Watershed Classification and Macroinvertebrate 

Biodiversity (r= -0.616). One potential explanation for these results may be due to the 

Independent 
Variables  

Correlation 
Results  Dependent Variables 

    Lead  Chromium Nitrates  
Macroinvertebrate 
Biodiversity 

Water 
Temperature  

Watershed 
Classification 

r   0.360 0.202 -0.087 -0.616 0.088 
p-value  0.012 0.169 0.557 0.000 0.553 

Impervious 
Cover  

r   0.429 -0.054 0.049 -0.573 0.499 
p-value  0.002 0.716 0.739 0.000 0.000 

Developed 
Land  

r   0.228 -0.211 0.065 -0.566 0.155 
p-value  0.120 0.150 0.659 0.000 0.292 

Watershed 
Size  

r   -0.182 -0.077 0.008 0.384 0.082 
p-value  0.215 0.601 0.959 0.007 0.580 

Soil Type  
r   -0.079 -0.409 -0.102 0.228 -0.326 

p-value  0.596 0.004 0.491 0.119 0.024 
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small sample size used in this study. Future research should include additional sampling 

data and include more creeks in the overall analysis.  

 

Lead  
 The Texas Commission on Environmental Quality has set guidelines for metal 

concentrations in freshwater ecosystems. Different researchers have applied a variety of 

methods to determining these thresholds. The TCEQ has adopted MacDonald et al.’s 

(2000) threshold effect concentration (TEC) approach. The TEC specifies “contaminant 

concentrations below which harmful effects on sediment-dwelling organisms were not 

expected” (MacDonald et al., 2000). Under the TEC approach are additional thresholds, 

namely: the threshold effect levels (TELs), the effect range low levels (ERLs), the lowest 

effect levels (LELs), the minimal effect thresholds (METs), and the sediment quality 

advisory levels (SQALs) (MacDonald et al., 2000). The TEC value is used for screening 

purposes by the TCEQ to identify waterbodies which are exhibiting dangerous levels of a 

particular contaminant.  

 The median value for the amount of lead observed in each watershed was 12 

MG/KG. The range of the amount of lead observed was 72.52 MG/KG, with the 

maximum being 76.5 MG/KG and the minimum being 3.98 MG/KG. The observed lead 

concentrations for the watersheds were analyzed using the TEC screening value of 35.8 

MG/KG to identify any creeks which have historically exhibited high lead concentrations. 

Creeks having observed lead concentrations exceeding 35.8 MG/KG were classified as 

having “high” lead concentrations. “Low” lead concentrations were below the 35.8 

MG/KG screening value.  About 93.8% of the creeks had lead concentrations which fell 

below this screening value, with the remaining 6.3% exhibiting high concentrations, as 

seen in Figure 5.5 on the following page.  
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            Figure 5.5: Percentage of Creeks with Low and High Lead Concentrations 

 
In order to identify any outliers in the lead data, a scatter plot of lead 

concentration and the unique watershed identifier “Geo.ID” was made. A table listing 

the watershed names with their corresponding Geo.IDs can be found in Appendix M. 

From the plot, it is clear to see that there are three distinct outliers, which have lead 

concentrations ranging from 47.30 MG/KG to 76.5 MG/KG. These three watersheds are 

Taylor Slough North (47.3 MG/KG), East Bouldin Creek (50.0 MG/KG) and Harper’s 

Branch (76.5 MG/KG).  
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Figure 5.6: Lead Concentration vs Watershed Geo.ID 

 
Further analysis was performed to determine the observed differences between 

the independent and dependent variables. Watershed Classification, Developed Land, 

Watershed Size, Soil Type, and Impervious Cover were the independent variables. The 

stream health parameters including lead, chromium, nitrates, macroinvertebrate 

biodiversity, and water temperature were the dependent variables.   

The regression model for lead was not statistically significant (p= .067); however 

it was approaching statistical significance and with an additional twenty cases or so it 

probably would have been significant. The model results can be found in Appendix N. To 

further investigate this finding, the pre-CWO creeks and post-CWO creeks were 

categorized into either the Blackland Prairie or Edwards Plateau ecoregion. The 

literature suggests that soil particle size does have an impact on the ability for heavy 

metals to remain immobile. Trace metals such as copper, zinc, lead, and chromium 

mainly accumulate in clay and silty soils (Luo et al., 2011).  

With the additional analysis, the data seems to indicate that impervious cover 

had a far greater impact on lead concentration in pre-CWO creeks that it did in post-

CWO creeks for watersheds within the Blackland Prairie ecoregion (see Appendix O for 

regression results). However, this analysis did not reach statistical significance, 
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potentially due to a small sample size. Similar to the analysis done for the pre-CWO and 

post-CWO creeks in the Blackland Prairie ecoregion, the regression results for creeks 

within the Edwards Plateau ecoregion did not yield statistically significant results (see 

Appendix P for regression results). Future research, using more detailed data, a larger 

sample size and additional predictor variables, may be able to determine statistically 

significant findings. 

 
Chromium  

The median value for the amount of chromium observed in the sampled 

watersheds was 11.5 MG/KG. The range in the amount of chromium was 64.34 MG/KG, 

with the largest amount being 68.1 MG/KG and the smallest amount being 3.76 MG/KG.  

The screening value for chromium is 43.4 MG/KG, which established the 

threshold for the distribution of watersheds displayed in Figure 5.7. The majority of the 

creeks (77.1%) exhibited chromium levels below 43.4 MG/KG, while 20.8% exceeded 

this screening value.   
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The scatter plot for chromium revealed eight outliers, with chromium 

concentrations ranging from 27.1 MG/KG to 68.10 MG/KG. These eight creeks were 

identified based on their unique “Geo.ID” and are: Blunn Creek (27.1 MG/KG), Marble 

Creek (29.60 MG/KG), Dry Creek East (33.5 MG/KG), South Fork Dry Creek (34.2 

MG/KG), North Fork Dry Creek (34.7 MG/KG), Harper’s Branch (39.4 MG/KG), Waller 

Creek (39.8 MG/KG), and Cottonmouth Creek (68.10 MG/KG) as shown in Figure 5.8 

below.  

 

 
Figure 5.8: Chromium Concentration vs. Watershed Geo.ID 

 
Further analysis showed that the regression model for chromium concentration 

was statistically significant (p=.002) and was able to explain 34.6% of the variability in 

chromium concentration in the creeks (see Appendix Q). However, the amount of 

Developed Land (p=0.76), Watershed Size (p=.822), and Impervious Cover (p=.424) were 

not statistically significant. Watershed Classification (p=.007) and Soil Type (p=.002) 

were statistically significant. The derived regression equation is as follows:  

 
Chromium_Predicted = 30.15 +11.98*WatershedClassification -21.61*DevelopedLand + 

.012WatershedSize -6.45*SoilType -11.55*ImperviousCover 
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Nitrates  

The median value for the observed nitrate concentrations in the sampled creeks 

was 0.25 MG/L. The range in amount of nitrates was 4.76 MG/L, with the maximum 

observation being 4.82 MG/L and the minimum observation being 0.06 MG/L.  

The screening value of 3.5 MG/L set the threshold for the frequency analysis of 

the nitrate stream health parameter. Almost all the creeks (97.9%) had observed nitrate 

levels below that value, with only 2.1% of the creeks exceeding the screening value.  

 

 
         Figure 5.9: Percentage of Creeks with Low and High Nitrate Levels  

  
 The scatterplot of nitrate observations for the creeks revealed a total of four 

outliers (see Figure 5.10). Nitrate concentrations for these outliers ranged from 1.30 

MG/L to 4.82 MG/L. These four creeks are: Dry Creek North (1.30 MG/L), Taylor Slough 

South (2.40 MG/L), Harris Branch (2.79 MG/L), and Gilleland Creek (4.82 MG/L).   
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Figure 5.10: Nitrate Levels vs. Watershed Geo.ID 

 

When regression model analysis was applied to identify possible relationships 

between Nitrates and Watershed Classification, Developed Land, Watershed Size, Soil 

Type and Impervious Cover, it was observed that the difference was not significant 

(p=.881). The regression model results can be found in Appendix R.  
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this threshold, the majority of creeks (47.9%) fell in the “low” macroinvertebrate 

biodiversity category.  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

The scatter plot of observed macroinvertebrate biodiversity in the watersheds 

shows the variability in taxa numbers.  

 

 
Figure 5.12: Macroinvertebrate Biodiversity vs. Watershed Geo.ID 
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Two regression models were constructed for the macroinvertebrate biodiversity 

stream health parameter. Model 1, which can be found in Appendix S-1, was statistically 

significant (p=.000) and was able to explain 55% of the variability in creek 

macroinvertebrate biodiversity. However, the Watershed Size (p= .461) and Impervious 

Cover (p= .978) were not significant predictors of the number of macroinvertebrate 

taxa, according to this model. This finding is surprising as theory suggests that 

impervious cover has a negative impact on macroinvertebrate biodiversity due to 

increased pollutant loadings from stormwater runoff, among other negative stream 

health implications. Still, the Watershed Classification (p=.003), the amount of 

Developed Land (p=.022), and the Soil Type (p=.038) were all significant predictors for 

the number of macroinvertebrate taxa. The resulting multiple linear regression equation 

for Model 1 is as follows:  

Number of Taxa_Predicted = 15.26 - 3.75*WatershedClassification – 

7.89*DevelopedLand + 0.11*WatershedSize + 1.15*SoilType + .108*ImperviousCover  
 

Models 2 (see Appendix S-2) included nitrates and water temperature as 

predictor variables. This model was statistically significant (p=.000) and was able to 

explain 68.6% of the variability in the number of macroinvertebrate taxa. This was a 

13.6% increase in explanatory ability compared with the first regression model. 

Watershed Size (p=.903) was the only predictor that was not statistically significant. The 

addition of Nitrates (p=.033) and Water Temperature (p=.003) increased the models 

ability to explain the variability in macroinvertebrate taxa. The resulting multiple linear 

regression equation for Model 2 is as follows:  

Number of Taxa_Predicted = -7.31 - 2.25*WatershedClassification - 

6.12*DevelopedLand -.002*WatershedSize + 1.99*SoilType - 9.83*ImperviousCover 

+1.01*Nitrates +1.06*WaterTemperature  
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Water Temperature  

The median temperature for the creeks in the sample was 20.26 degrees Celsius. 

The range in temperatures between sampled creeks was 8.2 degrees Celsius, with the 

maximum being 24 degrees Celsius and the minimum being 15.8 degrees Celsius. 

Thresholds (minimum and maximum) for creek water temperatures vary based on 

stream classification and are closely tied to the type of species as well as the 

waterbody’s discharge (Schramm, 2016). For the purposes of the frequency analysis, the 

threshold of 20.00 degrees was set in order to place creeks into a low water 

temperature category or a high water temperature category. The resulting distribution 

of the sample is shown by the graph below.   
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Figure 5.14 provides a sense of the relationship between macroinvertebrate 

biodiversity and creek water temperature. Generally, for observations of high water 

temperature, we can see low observations for the number of macroinvertebrate taxa. 

  

Similar to the macroinvertebrate biodiversity regression analysis, two models 

were constructed for Water Temperature. Results for the Water Temperature 

regression models can be found in Appendix T-1 and T-2. Model 1 was found to be 

statistically significant (p=.000) and was able to explain 52.8% of the variability in creek 

water temperatures. The resulting regression equation from the model is as follows: 

 

WaterTemperature_Predicted = 20.81  -1.91*WatershedClassification -

2.04*DevelopedLand +.01*WatershedSize -.70SoilType +8.78ImperviousCover  
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The amount of Developed Land (p=.133) and Watershed Size (p=.066) were not 

significant predictors for water temperature. Watershed Classification (p=.026), Soil 

Type (p=.002), and Impervious Cover (p=.000) were all significant predictors for water 

temperature.  

When the nitrates variable was added in Model 2 as a predictor the overall 

model results also showed to be  statistically significant (p=.000) and was able to explain 

53.9% of the variability in creek water temperature. This is a 1.1% increase in 

explanatory capability when compared with the first model. Developed land (p=.121), 

Watershed Size (p=.071), and Nitrates (p=.340) were not statistically significant. The 

derived regression equation from Model 2 is as follows: 

 

WaterTemperature_Predicted = +20.69 - 1.02*WatershedClassification - 

2.11*DevelopedLand  + .011*WatershedSize - .67*SoilType + 8.64*ImperviousCover + 

.21*Nitrates  

 

However, the finding that nitrates is not a significant predictor for watershed 

temperature is surprising, as the literature has made contrary findings. Nitrate loading 

increased eutrophication, which in turn raises water temperatures as a result of 

deoxygenation. One explanation for this finding may be the role that natural stream 

morphology and ecoregional characteristics play in influencing water temperatures.  
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Chapter Six: Pre-CWO vs. Post-CWO 
 

 One of the primary objectives of this study was to determine the difference in 

stream health parameters between the pre-CWO and post-CWO streams. The average 

land development date for pre-CWO watersheds is 1971, while the average 

development date for the post-CWO watersheds is 1997. Generally, the pre-CWO 

watersheds are smaller than the post-CWO watersheds, with median areas of 3.84 

square miles and 8.24 square miles, respectively. There are also significant differences in 

the median impervious cover percentages between the pre-CWO and post-CWO 

watersheds. Pre-CWO watersheds have median impervious cover percentages of 34.1% 

while the post-CWO watersheds have median impervious cover percentages of 9.5%. 

Further, pre-CWO watersheds have more of their total watershed land area already 

developed, with a median percentage of developed land of 47.3%. The corresponding 

value for the post-CWO watersheds is 24.6%.  Table 6.1 below provides a summary of 

these comparisons.  

 
Table 6.1: Summary of Pre-CWO and Post-CWO Watershed Characteristics   

 Pre-CWO Post-CWO 
Median Watershed Area 3.84 8.24 
Average Land Parcel Development Date  1971 1997 
Median Impervious Cover Percentages 34.1 9.5 
Median Percentage of Developed Watershed 
Land  

47.3 24.6 

 
Overall, the post-CWO creeks did exhibit better stream health than the pre-CWO 

creeks when looking at all four parameters including: lead, chromium, nitrates, 

macroinvertebrate biodiversity, and water temperature. Median lead concentrations for 

post-CWO creeks were 6.48 MG/KG less than the pre-CWO creeks. For nitrate levels, 

post-CWO creeks had median values which were 0.25 MG/L less than the pre-CWO 

creeks. In regards to chromium levels, the post-CWO creeks had median values which 

were 3.98 MG/KG less than the pre-CWO creeks. Macroinvertebrate biodiversity was 
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also higher for the post-CWO creeks, as they had a median taxa numbers which were six 

taxa higher than the pre-CWO creeks. Finally, water temperatures for post-CWO creeks 

were lower than the pre-CWO creeks, although there was only a tenths of a difference.  

In the following pages, I will provide a more in-depth discussion on the stream 

health parameters between the pre-CWO and post-CWO creeks. Additional comparison 

was made after categorizing the pre-CWO and post-CWO creeks according to their 

ecoregion, which may have an influence on the stream health parameters. Creeks that 

are located in both ecoregions were excluded from this additional investigation.  

 

Lead  

The median values for lead concentration in pre-CWO and post-CWO creeks are 

displayed in Figure 6.1 below. Post-CWO watersheds have median lead concentrations 

of 9.92 MG/KG while the pre-CWO watersheds have median lead concentrations of 

16.40 MG/KG. 
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93 
 

 
Figure 6.2: Pre-CWO vs. Post-CWO Lead Levels by Ecoregion 

 

Figure 6.2 reveals that creeks located in the Blackland Prairie region have higher 

lead concentrations than those in the Edwards Plateau region, both in the pre-CWO and 

post-CWO categories. It is important to consider that highway density may be higher in 

Blackland Prairie watersheds. Further, that would cause them to experience a higher 

presence of North American Free Trade Agreement (NAFTA) truck traffic on major 

roadways such as I-35 and SH130, thus generating significant heavy metal pollutants. 

The finding that post-CWO creeks have lower levels of lead is not surprising due to the 

impact of “legacy” effects as well as changes in fuel standards which have eliminated 

the use of lead-based fuels.  
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Nitrates  

 The median nitrate concentration for the pre-CWO watersheds was 0.25 MG/L 

higher than the post-CWO watersheds, as shown in Figure 6.3.  

 

Figure 6.4 on the following page shows that pre-CWO creeks located solely in the 

Blackland Prairie ecoregion have median nitrate levels that are 0.30 MG/L more than 

the post-CWO creeks in that same ecoregion. This finding is interesting as a significant 

number of the post-CWO watersheds are classified as “suburban” or more “rural”, 

which one may assume would lead to larger areas of lawn grass or farms whereby 

fertilizers would cause large amounts of nutrient-based pollutants. One explanation for 

this finding may be that although “suburban” watersheds (which happen to fall primarily 

in the post-CWO classification) may have larger amounts of lawn and farm land, their 

levels of impervious cover are lower, thus allowing for natural filtering of pollutants 

through soils. Furthermore, riparian buffers which are more intact have higher filtration 

rates of nitrates. In their 1997 literature-review based study, Fennesy and Cronk found 

that riparian buffers with a width of 66-98 feet have the ability to remove close to 100% 
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of NPS nitrate. The two key ways in which nitrate is removed are through denitrification 

and uptake by vegetation (Wenger, 1999).  

Comparing creeks by ecoregion, we can see that for the pre-CWO creeks, nitrate 

levels were higher in the Blackland Prairie ecoregion. An explanation for this occurrence 

may be due to stream geomorphology, with Edwards Plateau karst having a more 

shallow topsoil and less naturally occurring nutrients. For the post-CWO creeks, nitrate 

levels were slightly higher in the Edwards Plateau ecoregion.  

  

 
  Figure 6.4: Pre-CWO vs. Post-CWO Nitrate Levels by Ecoregion 
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Chromium  

 The median chromium concentration for pre-CWO watersheds is 13.40 MG/KG, 

which is 3.98 MG/KG greater than the median concentration for the post-CWO 

watersheds, as seen in Figure 6.5.  

 

 

 

Further analysis was done to investigate the differences by ecoregion. Figure 6.6 

on the following page shows that creeks located solely within the Blackland Prairie 

ecoregion have higher chromium levels for both the pre-CWO and post-CWO categories. 

The difference is most pronounced in the post-CWO creeks, whereby those located in 

the Blackland Prairie region have a medium chromium concentration that is 15.29 

MG/KG higher than the creeks in the Edwards Plateau. As noted under the findings for 

lead concentrations, Blackland Prairie watersheds may have larger areas of roadways 

whereby heavy metal pollution from NAFTA truck traffic and vehicular use is more 

pronounced.  
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are considered immobile, meaning that they remain for long periods of time in the 

sediment of creeks. This has strong implications on water quality management efforts, 

as heavy metals may be considered high priority due to the difficulty to reverse the 

impacts of this type of pollution.  

 

 

 
Macroinvertebrate Biodiversity  

 Pre-CWO creeks had a median macroinvertebrate taxa number of 10.5 while 

post-CWO watersheds had a median taxa number of 17, as seen in Figure 6.7. This 

finding is not surprising as the majority of pre-CWO watersheds have higher percentages 

of impervious cover, which not only increases the pollutant loading but also water 

temperatures. As seen in Figure 5.14, creeks which often had higher water 

temperatures had lower numbers of macroinvertebrate taxa. Additionally, with the 

implementation of more robust riparian buffer requirements through the CWO and 

subsequent watershed protection ordinances, creek temperature variability is mitigated 

while additional habitat and feeding opportunities are created for the 

macroinvertebrates.  
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 Figure 6.7: Pre-CWO vs. Post-CWO Macroinvertebrate Biodiversity  

 

Once creeks were further categorized by their ecoregion, we see that in the pre-

CWO creeks, those located solely in the Edwards Plateau had higher numbers of 

macroinvertebrate taxa. However, in the post-CWO creeks, we do not see a difference 

between the two ecoregions (see Figure 6.8).  
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Water Temperature  

 Water temperatures in post-CWO creeks are slightly lower than in the pre-CWO 

creeks, with a difference of 0.57 degrees Celsius, as seen in Figure 6.9. A possible 

explanation for the reduction in temperatures, although it is only tenths of a degree of 

difference, between pre-CWO and post-CWO creeks may be that post-CWO watersheds 

have riparian buffers which are more intact due to the regulations imposed by the CWO. 

However, variations in climate and rainfall patterns may also influence the data and it is 

important to take this into account so as to not overestimate the role of one variable. 

 

 

 

Figure 6.10 on the following page reveals that creeks within the Blackland Prairie 

ecoregion seem to generally have higher water temperatures than those in the Edwards 

Plateau ecoregion, regardless of whether they are pre-CWO or post-CWO. 
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Chapter Seven: Conclusions and Recommendations   
 

The present exploratory study confirmed that post-CWO creeks have better 

overall stream health than the pre-CWO creeks, based on the five stream health 

parameters analyzed (lead, chromium, nitrates, macroinvertebrate biodiversity, and 

water temperature).  

 

Implications on Study Methods  
 

The combination of GIS and statistical analysis used in this study can be applied 

to a range of watershed management scenarios and locations. The availability of 

water quality monitoring data, however, is essential to such an approach. Spatial 

identification of priority management areas is the starting point to targeting 

effective pollution mitigation strategies. The use of statistical analyses is useful in 

determining primary predictors for a particular type of pollution, which can help 

focus efforts thus saving time and money. Once priority management areas have 

been identified, the next step would be to identify primary stakeholders in the area 

in order to obtain sufficient support for new strategies and policies.  

The findings from the regression analysis revealed that none of the independent 

variables included in this study were statistically significant predictors for lead 

concentration. This may be due to the small sample size included in the analysis. 

However, theory tell us that among other variables, impervious cover does have an 

impact on the transfer of NPS pollution to streams (Arnold and Gibbons, 1996; 

Schueler et al., 2009).   The inclusion of roadway density or surface area in a 

regression analysis would improve upon the methods used in this study. 

Additionally, dropping outliers will have a significant impact on the statistical 

significance. Watershed Classification and Soil Type, as specified by the creek’s 
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ecoregion, was a significant predictor for chromium concentration. None of the 

independent variables included in the analysis for this study were found to be 

statistically significant predictors for nitrates. The inclusion of an indicator for lawn 

area or agricultural land use area should be considered in future research. Schramm 

(2016) noted that for stream health parameters that are measured in surface water, 

non-linear models would tell more about statistical relationships. An additional 

predictor to include in these non-linear models is a parameter relating to the flow of 

the stream. Watershed Classification, Developed Land, Soil Type, Nitrates and Water 

Temperature were found to be statistically significant predictors for 

macroinvertebrate taxa numbers. Finally, Watershed Classification, Impervious 

Cover and Soil Type were statistically significant predictors for Water Temperature.  

 
Theoretical Implications  

 

In regards to theory, this study confirms the concept that the implementation of 

water quality controls have a positive impact on increasing stormwater runoff 

quality (Thompson, 1980). Although limited by a small sample size, some of the 

statistical analyses in this study confirmed relationships that were found in previous 

research. For example, the inner-city urban creeks have higher amounts of 

impervious cover, thus poorer stream health (Arnold and Gibbons, 1996; Schueler et 

al., 2009). With higher road density and vehicular use in urban watersheds, their 

creeks exhibited higher heavy metal concentrations (Sansalone et al., 2005; 

Apeagyei et al., 2010; Stead-Dexter and Ward, 2004; Hares and Ward, 1999). 

Further, these watersheds were developed earlier, thus the role of heavy metal 

bioaccumulation or legacy effects factor in to the equation (Langpap et al., 2008; 

Stead-Dexter and Ward, 2004; Osmond et al., 2012). Also relating to their earlier 

development date, the urban growth in inner-city watersheds encroached on their 
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creeks and thus even when the CWO was implemented, establishing buffer zones 

was difficult. Therefore, several of these creeks do not have the water quality 

protection features afforded by riparian buffers such as reduced temperatures and 

variation in temperatures, pollutant filtering, unfavorable algae growth reduction 

and stabilized stream banks (Allan, 2004).  These urban creeks also exhibited higher 

nitrate concentrations, which may be due to sewage leaks as a result of older 

infrastructure. Shields et al. (2008) found that during high-flow conditions urban 

creeks tend to have larger nitrate exports in comparison to forested, agricultural, 

and low-density suburban watersheds. This finding was strongly correlated with the 

percentage of impervious cover (Shields et al., 2008).  

Although an initial hypothesis for this study was that suburban watersheds 

would have the higher nitrate concentrations, it is important to determine the 

specific type of land use. Lee et al. (2009) argue that even though land use may be 

agricultural, the particular type of agriculture will make significant differences in 

nutrient loading. This study also confirmed the finding of Zhao et al. (2015) that 

stream health generally tends to increase the further away we get from highly 

developed, urbanized areas.  

While certain relationships were not able to be proven through statistically 

analysis, theory does tell us that impervious cover can impact pollutant loadings 

such as nitrates due to the fact that surface runoff over impervious surfaces 

transfers these NPS pollutants to waterbodies. One of the challenges with small 

sample size is that certain relationships cannot be proven statistically. In addition, 

caution must be taken as to not claim generalizability of the results, which is 

inherent in case study based research. However, case studies allow for valuable 

context-specific findings which can be used to make operationalized policy decisions.  
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Recommendations for Future Research and Watershed Management  
 

Future research should expand upon the depth of this study as well as 

triangulate methods and data. Inclusion of additional watersheds for analysis should 

be pursued, requiring additional stream health data to be collected. For study 

feasibility, this research used a total of ten variables relating to Austin’s creeks and 

their respective watersheds. Future studies should include additional parameters 

which may reveal additional relationships and give more explanatory strength to the 

current state of NPS pollution in our streams.  This will also allow us to determine 

more specific impacts of watershed protection ordinances.  

As mentioned at the beginning of this study, Austin has been at the forefront of 

water quality management at a national scale. Citizens have also been at the 

forefront of understanding the importance and value of having healthy streams. The 

Watershed Planning Department understands the valuable role that Austinites play 

in maintaining the city’s water resources through participatory planning and 

community education initiatives. As one of the fastest growing cities nationally, 

Austin’s rapid growth will be a continuous challenge to find a healthy balance 

between economic and physical development as well as ecosystem health. However, 

historical precedent shows that Austin has the expertise, the willpower, and the 

justification to protect our creeks for a sustainable future.  

Austin should continue to pursue the implementation of non-structural controls. 

One of these includes continuing efforts to improve on riparian forest restoration as 

this has been found to have a positive effect on water quality improvement by 

decreasing pollutant loading and increasing stream bank stability, among others. 

This then can lead to increases in macroinvertebrate biodiversity as well as lower 

water temperature fluctuations.  
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Another non-structural control the city should continue to implement is limiting 

impervious cover in areas of new development, particularly those closest to creeks 

and streams as research has shown that land uses closest to these water bodies has 

the greatest effect on stream health (Meneses et al., 2015).  In order to achieve 

lower amount of impervious cover, the city should also educate the development 

community and encourage alternative construction materials such as permeable 

pavers. For example, the city could consider providing density bonuses for 

developers who utilize LID techniques.  

Educating the development community on the devices they can employ at a site-

specific levels will surely help improve water quality throughout the city. A range of 

structural BMPs include rain gardens, wet detention ponds, sand filters, and 

wetlands. While voluntary participation is often difficult for implementing water 

quality controls, an incentive program created by the City could be instrumental in 

obtaining buy-in.  

Finally, prioritizing efforts for certain types of pollutants such as heavy metals 

will be important due to the ability of this type of pollutant to have legacy effects. 

The city will need to carefully determine how this relates to land use in the city, 

particularly as we are going through the CodeNEXT process.  

Overall, the findings of this study reveal positive and encouraging affirmations 

for the regulations that the City of Austin implemented.  The water quality 

protection efforts have been worthwhile and this knowledge can help steer future 

policies as well as serve precedent for other municipalities across the nation. 
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APPENDIX A: Environmental Integrity Index Components  
  

Contact 
Recreation  
Swimming/
Wading  

Non-Contact 
Recreation/Aesthetics 

Water Quality Sediment Quality & Channel Stability  Aquatic Life Support 

Fecal 
Coliform 

Surface Appearance  
Litter  
Odor  
Clarity  
Percent Algae Cover  
Greenbelt/Buffer  
Trail/Access  

Fecal Coliform 
Total Suspended Solids  
Total Dissolved Solids  
Nitrate-Nitrogen  
Orthophosphorus  
Ammonia-Nitrogen  

Metals  
PAHs 
Organochlorides, Pesticides, & 
PCBs 
Grain Size  
Acid Volatile Sulfides  
Total Hardness  

Channel Alteration  
Sediment Deposition 
Embeddedness  
Channel Flow Status  
Condition of Banks  
Bank Vegetation Protection  
Disruptive Pressure  
Riparian Zone Width  
Lateral Stability  
Vertical Stability 
Bed Material Size Distribution  
 

Macroinvertebrate  
     Community Structure 
Diatom Community Structure  
Algae Percent Cover  
Chlorophyll a  
Fish (presence/absence) 
Instream Cover  
Channel Flow Status 
Embeddedness  
Frequency of Riffles  
Anaerobic Conditions  
Riparian Zone Width  
Riparian Vegetation Type 
 Landform Slope  

Mass Wasting  
Debris Jam Potential  
Entrenchment Ratio  
Bank Rock Content  
Cutting & Deposition  
Scouring  
Rock Angularity  
Brightness (Clean Rock)  
Attached Aquatic Vegetation  
Obstructions  
Consolidation  
Bank Vegetation Protection  
Percent Stable Material 

Note: Italicized Parameters are Not Used in Scoring EII 
 

Channel Stability 
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APPENDIX B: Study Dataset  
 

Watershed 
Classification 

GEO.ID Watershed 
Name 

Avg. Year of 
Development 

Soil 
Type  

Watershed 
Size (Square 
Miles) 

Impervious 
Cover 
(Percentage) 

Land 
Development 
(Percentage of 
Watershed 
Area) 

Lead 
(MG/KG) 

Chromium 
(MG/KG) 

Nitrates 
(MG/L) 

Macroinvertebrate 
Biodiversity    
(No. of Taxa) 

Temp 
(Deg. C) 

0 21 Bear 
Creek  

2005 3 27.40 0.08 0.11 16.80 11.50 0.27 16 17.65 

0 16 Elm 
Creek  

1998 1 8.24 0.13 0.18 14.20 21.95 0.08 17 19.73 

0 7 Harris 
Branch  

1998 1 11.38 0.19 0.31 13.20 14.10 2.79 16 20.22 

0 11 Dry Creek 
East  

2000 1 41.96 0.04 0.19 13.10 33.50 0.07 9 20.91 

0 58 Slaughter 
Creek  

1994 3 30.70 0.19 0.48 12.20 10.00 0.20 11 19.30 

0 38 West Bull 
Creek  

1992 2 6.97 0.10 0.25 12.00 4.49 0.10 17.0 19.89 

0 65 Decker 
Creek  

1995 1 17.34 0.06 0.19 11.90 20.20 0.06 18 22.50 

0 60 Marble 
Creek  

2000 1 4.42 0.08 0.25 11.90 29.60 0.88 18 20.21 

0 17 Gilleland 
Creek  

1994 1 38.81 0.14 0.27 10.20 18.60 4.82 21 22.70 

0 5 Rinard 
Creek  

2004 1 7.90 0.03 0.06 9.92 16.00 0.06 13 21.58 

0 26 Barton 
Creek  

1987 2 108.47 0.08 0.28 9.50 9.24 0.19 18 21.52 

0 33 Common
s Ford 

2005 2 2.26 0.06 0.05 7.35 9.42 0.06 15.5 19.68 
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Creek  

0 59 Onion 
Creek  

1992 3 210.50 0.10 0.03 6.94 9.13 0.22 18 20.56 

0 34 Cuernava
ca Creek  

1992 2 2.42 0.15 0.45 6.59 5.36 0.91 12 18.62 

0 30 Little 
Barton 
Creek  

2002 2 11.44 0.10 0.38 6.27 5.07 0.10 17 20.26 

0 12 Bear 
Creek 
West  

1996 2 2.15 0.17 0.16 5.95 4.91 0.07 18 21.00 

0 54 Turkey 
Creek  

1996 2 2.23 0.11 0.40 5.92 4.53 0.06 11 20.00 

0 18 Running 
Dear 
Creek  

1995 2 2.50 0.18 0.39 4.55 3.76 0.12 16 20.37 

0 13 Panther 
Hollow  

1998 2 4.25 0.08 0.21 4.39 4.47 0.19 17 19.55 

1 22 Harpers 
Branch  

1958 1 0.56 0.52 0.48 76.50 39.40 0.40 6 22.23 

1 8 East 
Bouldin 
Creek  

1956 1 2.00 0.54 0.47 50.00 15.60 0.62 6 22.00 

1 44 Taylor 
Slough 
North  

1961 3 1.47 0.27 0.38 47.30 16.00 0.32 10.5 18.60 

1 64 West 
Bouldin 
Creek  

1963 3 3.07 0.47 0.54 26.90 16.60 0.21 9 21.66 

1 25 Taylor 
Slough 
South  

1970 2 0.65 0.42 0.50 22.90 10.60 2.40 10 22.35 

1 24 Little Bee 1980 2 1.18 0.18 0.59 22.80 8.03 0.30 7 15.80 
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Creek  

1 43 Shoal 
Creek  

1960 2 12.97 0.53 0.55 22.50 15.46 0.77 13 21.60 

1 3 Country 
Club 
West  

1976 1 2.71 0.45 0.51 22.35 13.25 0.13 10.5 21.25 

1 56 Waller 
Creek  

1949 1 5.64 0.58 0.40 21.20 39.80 0.39 9.5 21.71 

1 66 North 
Fork Dry 
Creek  

1976 1 3.84 0.07 0.19 21.00 34.70 0.06 7 17.61 

1 6 Johnson 
Creek  

1955 3 1.82 0.47 0.46 18.90 11.80 0.68 8 20.00 

1 10 South 
Fork Dry 
Creek  

1979 1 9.87 0.04 0.31 18.30 34.20 0.11 11.5 17.71 

1 1 Blunn 
Creek  

1954 1 1.26 0.48 0.49 17.60 27.10 0.37 6.5 22.00 

1 23 Eanes 
Creek  

1981 3 3.74 0.36 0.56 17.00 6.61 0.50 10 19.96 

1 20 Little 
Bear 
Creek  

1982 2 23.16 0.04 0.01 16.40 20.75 0.30 15 20.21 

1 9 Dry Creek 
North  

1977 3 2.13 0.32 0.54 14.10 5.54 1.30 12 20.30 

1 39 Carson 
Creek  

1980 1 5.98 0.32 0.27 13.50 8.09 0.40 11 20.79 

1 14 Rattan 
Creek  

1980 3 7.39 0.21 0.01 12.30 17.80 0.10 14.5 19.39 

1 2 Country 
Club East  

1970 1 1.81 0.27 0.47 12.20 10.80 0.25 5 18.76 

1 15 Lake 
Creek  

1978 3 20.88 0.33 0.00 11.20 14.30 0.71 18 21.00 
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1 57 South 
Boggy  

1984 3 4.80 0.31 0.53 10.50 13.40 0.40 11 18.83 

1 42 Tannehill 
Branch  

1973 1 4.06 0.45 0.48 8.64 5.93 0.10 9 22.85 

1 63 Williamso
n Creek  

1981 3 30.45 0.34 0.54 8.54 13.75 0.13 13.5 19.91 

1 19 Cottonm
outh 
Creek  

1968 1 5.40 0.06 0.19 8.47 68.10 0.65 12 19.81 

1 4 Little 
Walnut  

1971 1 13.15 0.50 0.60 7.75 9.97 0.20 12 24.00 

1 28 Bee 
Creek  

1984 2 3.63 0.13 0.46 7.00 6.79 0.38 13 20.16 

1 48 Walnut 
Creek  

1985 3 43.34 0.31 0.42 6.72 7.19 0.40 19 22.00 

1 41 Fort 
Branch  

1964 1 3.42 0.39 0.51 5.88 9.89 0.15 7 22.00 

1 40 Boggy 
Creek  

1956 1 6.33 0.43 0.46 3.98 4.76 0.20 9 23.45 

 
Watershed Classification 
Pre-CWO Creeks coded as “1” 
Post-CWO Creeks codes as “0” 
 
Soil Type 
Blackland Prairie coded as “1” 
Edwards Plateau coded as “2” 
Blackland Prairie and Edwards Plateau coded as “3” 
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APPENDIX C: Map of Watershed Classification  

 Data Sources: Travis County Central Appraisal District; City of Austin  
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APPENDIX D: List of Pre-CWO Watersheds 
 

Geo.ID 
Watershed 

Name 

Average Year 
of 

Development  Ecoregion 

Watershed 
Size (Square 

Miles) 

Lead 
Levels 

(MG/KG) 

Nitrate 
Levels 

(MG/L) 

Macroinvertebrate 
Biodiversity 

(Number of Taxa) 

56 Waller Creek 1949 
Blackland 

Prairie  5.64 31.75 0.552 10 

1 Blunn Creek 1954 
Blackland 

Prairie  1.26 20.76 0.544 7 

6 Johnson Creek 1955 

Blackland 
Prairie; 

Edwards 
Plateau 1.82 38.56 0.801 10 

8 
East Bouldin 

Creek 1956 
Blackland 

Prairie 2.00 65.19 1.305 7 

40 Boggy Creek 1956 
Blackland 

Prairie  6.33 8.34 0.478 9 

22 Harpers Branch 1958 
Blackland 

Prairie  0.56 133.79 0.625 7 

43 Shoal Creek 1960 
Edwards 
Plateau  12.97 37.55 1.154 13 

44 
Taylor Slough 

North 1961 

Blackland 
Prairie; 

Edwards 
Plateau 1.47 54.57 0.526 11 

64 
West Bouldin 

Creek 1963 

Blackland 
Prairie; 

Edwards 
Plateau 3.07 24.57 0.368 9 

41 Fort Branch 1964 
Blackland 

Prairie  3.42 7.47 0.302 8 
19 Cottonmouth 1968 Blackland 5.40 9.77 0.850 14 
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Creek Prairie  

2 
Country Club 

East 1970 
Blackland 

Prairie  1.81 15.34 0.306 6 

25 
Taylor Slough 

South 1970 
Edwards 
Plateau  0.65 25.40 2.285 11 

4 Little Walnut 1971 
Blackland 

Prairie  13.15 7.80 0.429 12 

42 
Tannehill 
Branch 1973 

Blackland 
Prairie  4.06 8.37 0.267 9 

66 
North Fork Dry 

Creek 1976 
Blackland 

Prairie  3.84 20.83 0.074 7 

3 
Country Club 

West 1976 
Blackland 

Prairie  2.71 22.99 0.185 10 

9 
Dry Creek 

North 1977 

Blackland 
Prairie; 

Edwards 
Plateau 2.13 32.57 1.536 13 

15 Lake Creek 1978 

Blackland 
Prairie; 

Edwards 
Plateau 20.88 11.24 1.465 17 

10 
South Fork Dry 

Creek 1979 
Blackland 

Prairie  9.87 18.05 0.228 13 

14 Rattan Creek 1980 

Blackland 
Prairie; 

Edwards 
Plateau 7.39 11.27 0.357 16 

24 Little Bee Creek 1980 
Edwards 
Plateau  1.18 34.06 0.583 7 

39 Carson Creek 1980 
Blackland 

Prairie  5.98 12.39 1.046 11 

63 
Williamson 

Creek 1981 

Blackland 
Prairie; 

Edwards 30.45 8.89 0.404 15 
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Plateau 

23 Eanes Creek 1981 

Blackland 
Prairie; 

Edwards 
Plateau 3.74 20.57 0.758 11 

20 
Little Bear 

Creek 1982 
Edwards 
Plateau  23.16 15.93 0.583 15 

57 South Boggy 1984 

Blackland 
Prairie; 

Edwards 
Plateau 4.80 11.12 0.695 12 

28 Bee Creek 1984 
Edwards 
Plateau  3.63 7.03 0.573 14 

48 Walnut Creek 1985 

Blackland 
Prairie; 

Edwards 
Plateau 43.34 7.02 1.026 19 
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APPENDIX E: List of Post-CWO Watersheds  
 

Geo.ID 
Watershed 
Name 

Average Year 
of 

Development  Ecoregion 

Watershed 
Size 

(square 
miles) 

Lead 
Levels 

(MG/KG) 

Nitrate 
Levels 

(MG/L) 

Macroinvertebrate 
Biodiversity 

(Number of Taxa) 

26 
Barton 
Creek 1987 

Edwards 
Plateau  108.5 13.9 0.548 19 

59 Onion Creek 1992 

Blackland 
Prairie; 

Edwards 
Plateau 210.5 19.0 0.520 19 

34 
Cuernavaca 
Creek 1992 

Edwards 
Plateau  2.4 7.1 1.041 12 

38 
West Bull 
Creek 1992 

Edwards 
Plateau  7.0 22.9 0.184 17 

58 
Slaughter 
Creek 1994 

Blackland 
Prairie; 

Edwards 
Plateau 30.7 18.4 0.395 12 

17 
Gilleland 
Creek 1994 

Blackland 
Prairie 38.8 9.8 6.585 18 

65 
Decker 
Creek 1995 

Blackland 
Prairie 17.3 11.2 0.134 16 

18 
Running 
Deer Creek 1995 

Edwards 
Plateau  2.5 5.2 0.224 16 

54 
Turkey 
Creek 1996 

Edwards 
Plateau  2.2 12.7 0.075 11 

12 
Bear Creek 
West 1996 

Edwards 
Plateau  2.1 6.5 0.156 15 
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7 
Harris 
Branch 1998 

Blackland 
Prairie 11.4 13.6 4.940 15 

13 
Panther 
Hollow 1998 

Edwards 
Plateau  4.2 4.5 0.589 18 

16 Elm Creek 1998 
Blackland 

Prairie 8.2 13.5 0.399 17 

60 
Marble 
Creek 2000 

Blackland 
Prairie 4.4 20.8 1.338 18 

11 
Dry Creek 
East 2000 

Blackland 
Prairie 42.0 13.1 0.401 10 

30 
Little Barton 
Creek 2002 

Edwards 
Plateau  11.4 6.2 0.180 17 

5 Rinard Creek 2004 
Blackland 

Prairie 7.9 18.4 0.137 12 

21 Bear Creek 2005 

Blackland 
Prairie; 

Edwards 
Plateau 27.4 14.8 0.569 17 

33 
Commons 
Ford Creek 2005 

Edwards 
Plateau  2.3 7.6 0.389 17 
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APPENDIX F: Map of Watershed Land Development by Year  

 Data Sources: Travis County Central Appraisal District; City of Austin  
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APPENDIX G: Map of Macroinvertebrate Biodiversity  

 Data Sources: Travis County Central Appraisal District; City of Austin  
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APPENDIX H: Map of Chromium Levels  

 Data Sources: Travis County Central Appraisal District; City of Austin  
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APPENDIX I: Map of Lead Levels  

 Data Sources: Travis County Central Appraisal District; City of Austin  
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APPENDIX J: Map of Nitrate Levels  

 Data Sources: Travis County Central Appraisal District; City of Austin  
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APPENDIX K: Map of Creek Water Temperatures  

 Data Sources: Travis County Central Appraisal District; City of Austin  
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APPENDIX L: Descriptive Statistics 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter  Mean 
Standard 
Error Median 

Standard 
Deviation 

Sample 
Variance  Range  Minimum Maximum  

Independent 
Variables                  
Watershed Size 
(square miles) 16.00 4.90 5.10 33.92 1150.82 209.94 0.56 210.50 
Impervious Cover 
(percentage) 0.25 0.02 0.19 0.17 0.03 0.55 0.03 0.58 
Developed Land 
(percentage) 0.34 0.03 0.39 0.18 0.03 0.59 0.0009 0.60 

         Dependent 
Variables                  
Lead (MG/KG) 15.32 1.87 12.10 12.95 167.75 72.52 3.98 76.50 
Chromium 
(MG/KG) 15.46 1.78 11.65 12.36 152.74 64.34 3.76 68.10 
Nitrates (MG/L) 0.50 0.12 0.24 0.83 0.69 4.76 0.06 4.82 
Macroinvertebrate 
Biodiversity        
(number of taxa) 12.58 0.60 12.000 4.16 17.27 16.000 5.00 21.00 
Water 
Temperature                  
(degrees Celsius) 20.50 0.24 20.28 1.63 2.66 8.20 15.80 24.00 
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APPENDIX M: Watershed Geo.IDs 
Geo.ID Watershed Name 

 
Geo.ID Watershed Name  

26 Barton Creek  
 

30 Little Barton Creek  
21 Bear Creek  

 
20 Little Bear Creek  

12 Bear Creek West  
 

24 Little Bee Creek  
28 Bee Creek  

 
4 Little Walnut  

1 Blunn Creek  
 

60 Marble Creek  
40 Boggy Creek  

 
66 North Fork Dry Creek  

39 Carson Creek  
 

59 Onion Creek  
33 Commons Ford Creek  

 
13 Panther Hollow  

19 Cottonmouth Creek  
 

14 Rattan Creek  
2 Country Club East  

 
5 Rinard Creek  

3 Country Club West  
 

18 Running Dear Creek  
34 Cuernavaca Creek  

 
43 Shoal Creek  

65 Decker Creek  
 

58 Slaughter Creek  
11 Dry Creek East  

 
57 South Boggy  

9 Dry Creek North  
 

10 South Fork Dry Creek  
23 Eanes Creek  

 
42 Tannehill Branch  

8 East Bouldin Creek  
 

44 Taylor Slough North  
16 Elm Creek  

 
25 Taylor Slough South  

41 Fort Branch  
 

54 Turkey Creek  
17 Gilleland Creek  

 
56 Waller Creek  

22 Harpers Branch  
 

48 Walnut Creek  
7 Harris Branch  

 
64 West Bouldin Creek  

6 Johnson Creek  
 

38 West Bull Creek  
15 Lake Creek  

 
63 Williamson Creek  

 

Note:  

Pre-CWO 
watersheds are 
indicated in 
green.  

Post-CWO 
watersheds are 
indicated in blue.   

 



  

125 
 

APPENDIX N: Multiple Linear Regression Results for Lead Levels    
 

Multiple Linear Regression Results for Lead Concentration  

Model 1 

  
t 

 

p B SE B β 

1 (Constant) 10.912 5.616  1.943 .059 

Watershed Classification 3.406 4.901 .130 .695 .491 

Developed Land -8.993 13.686 -.124 -.657 .515 

Watershed Size  -.025 .059 -.066 -.433 .668 

Soil Types -.982 2.219 -.063 -.443 .660 

Impervious Cover 31.033 16.483 .409 1.883 .067 

R2 = .211 
*Model was not statistically significant (p=.067) 
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APPENDIX O: Multiple Linear Regression Results for Lead Levels in Blackland Prairie Watersheds 
 

Multiple Linear Regression Results for Lead Levels in Blackland Prairie Watersheds 

Model 1 (Pre-CWO) 

  
t p B SE B β 

1 (Constant) 31.056 20.052  1.549 .152 
Developed Land -40.423 68.890 -.257 -.587 .570 
Watershed Size  -2.258 1.576 -.395 -1.433 .182 
Impervious Cover 46.396 47.256 .439 .982 .349 

R2 = .297 

*Model was not statistically significant (p=.296) 
 

 
 

Multiple Linear Regression Results for Lead Levels in Blackland Prairie Watersheds 

Model 2 (Post-CWO) 

  
t p B SE B β 

1 (Constant) 11.127 2.452  4.538 .020 
Developed Land 2.943 19.359 .147 .152 .889 
Watershed Size  -.014 .060 -.136 -.231 .833 
Impervious Cover 6.111 26.763 .217 .228 .834 

R2 = .134 

*Model was not statistically significant (p=.920) 
 



  

127 
 

APPENDIX P: Multiple Linear Regression Results for Lead Levels in Edwards Plateau Watersheds  

 
Multiple Linear Regression Results for Lead Levels in Edwards Plateau Watersheds 

Model 1 (Pre-CWO) 

  
t p B SE B β 

1 (Constant) 13.126 29.015  .452 .730 
Developed Land -.943 61.425 -.032 -.015 .990 
Watershed Size  .028 1.215 .039 .023 .985 
Impervious Cover 20.815 41.143 .626 .506 .702 

R2 = .360 

*Model was not statistically significant (p=.896) 
 

 

 
Multiple Linear Regression Results for Lead Levels in Edwards Plateau Watersheds 

Model 2 (Post-CWO) 

  
t p B SE B β 

1 (Constant) 8.455 3.190  2.650 .045 
Developed Land -1.797 8.177 -.097 -.220 .835 
Watershed Size  .024 .029 .347 .827 .446 
Impervious Cover -12.039 27.244 -.207 -.442 .677 

R2 = .240 

*Model was not statistically significant (p=.684) 
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APPENDIX Q: Multiple Linear Regression Results for Chromium Levels 
 
 

Multiple Linear Regression Results for Chromium Concentration  

Model 

  
t p B SE B β 

1 (Constant) 30.151 4.877  6.182 .000 

Watershed Classification 11.979 4.256 .479 2.814 .007 

Developed Land -21.614 11.886 -.311 -1.818 .076 

Watershed Size  .012 .051 .032 .226 .822 

Soil Types -6.446 1.928 -.435 -3.344 .002 

Impervious Cover -11.550 14.315 -.159 -.807 .424 

R2 = .346 
*Model was statistically significant (p=.002) 
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APPENDIX R: Multiple Linear Regression Results for Nitrate Levels 
 

 

Multiple Linear Regression Results for Nitrate Concentration  

Model 

  
t p B SE B β 

1 (Constant) .587 .397  1.478 .147 

Watershed Classification -.334 .347 -.199 -.965 .340 

Developed Land .370 .968 .079 .382 .704 

Watershed Size  .001 .004 .031 .183 .856 

Soil Types -.100 .157 -.101 -.638 .527 

Impervious Cover .658 1.165 .135 .564 .576 

R2 = .040 
*Model was not statistically significant (p=.881) 
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APPENDIX S-1: Multiple Linear Regression Results for Macroinvertebrate Biodiversity  
 

Multiple Linear Regression Results for Macroinvertebrate Biodiversity 

Model 1 

  
t p B SE B β 

1 (Constant) 15.261 1.362  11.209 .000 

Watershed Classification -3.751 1.188 -.446 -3.157 .003 

Developed Land -7.894 3.318 -.338 -2.379 .022 

Watershed Size  .011 .014 .086 .744 .461 

Soil Types 1.152 .538 .231 2.141 .038 

Impervious Cover .108 3.996 .004 .027 .978 

R2 = .550 
*Model was statistically significant (p=.000) 
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APPENDIX S-2: Multiple Linear Regression Results for Macroinvertebrate Biodiversity  
 

Multiple Linear Regression Results for Macroinvertebrate Biodiversity 

Model 2 

  
t p B SE B β 

1 (Constant) -7.309 6.980  -1.047 .301 

Watershed Classification -2.254 1.083 -.268 -2.083 .044 

Developed Land -6.115 2.928 -.262 -2.089 .043 

Watershed Size  -.002 .013 -.013 -.122 .903 

Soil Types 1.987 .514 .399 3.868 .000 

Impervious Cover -9.828 4.474 -.403 -2.196 .034 

Nitrates  1.011 .458 .202 2.209 .033 

 Water Temperature  1.056 .332 .414 3.177 .003 

R2 = .686 
*Model was statistically significant (p=.000) 
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APPENDIX T-1: Multiple Linear Regression Results for Creek Water Temperature   

 
Multiple Linear Regression Results for Water Temperature  

Model 1  

  
t p  B SE B β 

1 (Constant) 20.806 .546  38.080 .000 

Watershed Classification -1.097 .477 -.333 -2.300 .026 

Developed Land -2.038 1.332 -.223 -1.531 .133 

Watershed Size  .011 .006 .224 1.886 .066 

Soil Types -.695 .216 -.355 -3.219 .002 

Impervious Cover 8.777 1.604 .918 5.473 .000 

R2 = .528 
*Model was statistically significant (p=.000)   
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APPENDIX T-2: Multiple Linear Regression Results for Creek Water Temperature   
 

Multiple Linear Regression Results for Water Temperature  

Model 2 

  
t p B SE B β 

1 (Constant) 20.685 .561  36.882 .000 

Watershed Classification -1.028 .482 -.312 -2.131 .039 

Developed Land -2.114 1.335 -.231 -1.584 .121 

Watershed Size  .011 .006 .220 1.856 .071 

Soil Types -.674 .217 -.345 -3.106 .003 

Impervious Cover 8.642 1.611 .904 5.364 .000 

Nitrates  .205 .213 .104 .965 .340 

R2 = .539 
*Model was statistically significant (p=.000)
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