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Abstract

Sediment is a leading cause of water quality impairment throughout the United
States. In the Little River watershed in eastern Tennessee, several tributaries have been
classified as impaired due primarily to sedimentation. Researchers at The University of
Tennessee, in collaboration with a group of local and state organizations, began
monitoring Little River tributaries to better understand their sources of pollution. To
investigate the rates and processes of streambank erosion, erosion-pin monitoring sites
were established on 32 banks in the watershed. This thesis complements the erosion-pin
monitoring efforts by determining morphological bank characteristics and examining the
relationships of streambank angles and shapes to observed erosion rates. The specific
objectives of this study were to: (1) characterize streambank angles, (2) describe the
relationships between streambank angles and bank erosion rates, (3) characterize bank
shape, and (4) determine if bank shapes at erosion-pin monitoring sites are representative
of their immediate stream reaches.

Streambank angles were measured at erosion pins. Bank angles averaged
approximately 55° and varied significantly between tributaries and individual monitoring
sites. Bank angle measurements were compared to erosion-pin exposure using correlation
analysis. Data were then sorted into subgroups by pin position, soil texture, and bank
shape, and further analyses were conducted. Results indicated streambank erosion was
significantly, positively associated with bank angle for angles > 30°. Significant, positive
relationships were also found low on banks, where soil texture was clay, and where banks

were classified as undercut.
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Bank profiles were documented to classify the bank shapes of erosion-pin
monitoring sites and assess how well the banks at those sites represented the immediate
reach. In the Little River watershed, bank profile shapes vary, but nearly three-fourths of
all documented bank profiles were steeply sloping or undercut. The majority of
monitoring sites (78%) were representative of the immediate stream reach with regard to
bank shape. However, other factors, including surrounding land use and soil type, may
differ within the immediate reach. Thus, data extrapolation from erosion pins to the reach
scale should be done cautiously and take into consideration variability of individual site

characteristics.
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Chapter One

1. Introduction

1.1 Background and Justification

Sediment is a leading cause of water quality impairment in Tennessee (USEPA
2005a; TDEC 2006), as well as throughout the United States (Oschwald 1972; USEPA
1990). Excessive instream sediment is detrimental to the diversity and abundance of
aquatic organisms (Burkhead et al. 1997; Freeman and Schorr 2004). Additional
concerns include the filling of reservoirs (Clark et al. 1985; Crowder 1987; Denton et al.
2000; Juracek 2006), increased costs of water treatment (Forster et al. 1987; Holmes
1988; Dearmont et al. 1998), and the transport of bacteria, pesticides and other
contaminants (Pimentel et al. 1980; Stone et al. 1995). The U.S. Clean Water Act
requires states to improve watershed conditions where impaired streams flow, but these
efforts require a better understanding of sediment sources and processes.

The University of Tennessee (UT), in cooperation with the Blount County Soil
Conservation District, the Tennessee Valley Authority (TVA), and the Tennessee
Department of Environment and Conservation (TDEC), is currently monitoring the Little
River watershed as part of a U.S. Environmental Protection Agency Targeted Watershed
Initiative. The Initiative’s goal is to improve water quality in the Little River and its
tributaries. Monitoring activities include the following: total suspended solids in storm-
flow (TVA), particle size (UT-Harden), discharge (UT-Harden), aquatic habitat
assessment (TDEC and UT-Harden), pathogens (UT-Layton), water quality (UT-Harden

and Layton), and streambank erosion rates (UT-Harden).
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This thesis complements the Targeted Watershed Initiative by evaluating the
relationship of certain physical streambank characteristics to the amount of soil loss
measured from erosion pins placed on banks of Little River tributaries. The primary goals
of this research are to characterize bank angles and shapes, and to investigate the
relationship of these physical characteristics to streambank erosion. While previous
studies in other locations have measured erosion by using pins inserted into streambanks
(Wolman 1959; Hooke 1979; Stott 1997; Couper and Maddock 2001), few or no studies
examine the relationships between bank angle at erosion pins, bank shape, and erosion

rates.

1.2 Erosion and Sediment

Sediment is delivered to streams by way of erosion. Erosion is the removal of
particles from the landscape by agents such as wind, water and ice (Pidwirny 2006).
Particles are detached, entrained and transported by these agents until they settle out and
are deposited on a surface (Gordon et al. 2004; Pidwirny 2006). Sediment is considered a
form of non-point source pollution (Karr and Schlosser 1977), meaning that its source is
not easily identifiable. Erosion can occur on uplands, or streambanks themselves may
erode as channels widen or move laterally across a watershed. Although sediment is a
natural part of stream systems, increased amounts of fine inorganic particles found in
flowing water or deposited on the streambed can be detrimental to aquatic life (Waters

1995).
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1.2.1 Streambank Erosion

The size, geometry and structure of streambanks, along with the properties of the
bank material, the hydraulics of flow in the channel, and climatic conditions, all play a
role in determining the erodibility of streambanks (Thorne and Tovey 1981). Streambank
erosion occurs by a combination of three processes: subaerial processes, fluvial
entrainment, and mass wasting (Lawler 1995). Subaerial processes, such as wet-dry or
freeze-thaw cycling at or near the bank surface, weaken streambank soils. This
weakening may force bank materials from the bank, or act as a preparatory process
making them more vulnerable to fluvial entrainment (Thorne and Tovey 1981). Fluvial
entrainment is the direct removal of soil from the bank face by flowing water and is
dependent on the properties of streambank materials and of the eroding fluid (Grissinger
1982). Mass wasting, or bank failure, occurs when the weight of the bank exceeds the
shear strength of the bank materials. Downward moving gravitational forces and the
resistant forces of friction and cohesion are the controlling factors of mass failure.
Failures occur when bank heights are increased due to scouring of the bank toe, or when
undercutting increases bank angles (ASCE 2008).

Bank erosion is highly variable over spatial and temporal scales and is largely
dependent on the cohesiveness of bank materials (Thorne 1981). In-situ measurements of
bank retreat are necessary for detailed erosion data analysis. Bank erosion influences
channel width, and thus fluvial system adjustments, and can also contribute large
amounts of sediment to the stream load (Thorne 1981). The natural occurrence of
streambank erosion is commonplace, however anthropogenic activities, such as land-use
change, serve to enhance its rate and distribution (Waters 1995).

3
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1.3 Land Use and Sediment

Euro-Americans have altered the landscape to meet the needs of a growing
industrialized culture. Agriculture, forestry, mining, and urban development have
substantially increased the amount of sediment entering our nation’s streams (Wilson
1902; Waters 1995; Walling 1999; Wang et al. 2002). For example, U.S. Secretary of
Agriculture James Wilson, reported in the early 20" century that unrestrained clearing of
vegetation on mountainous terrain by loggers was leading to extensive sedimentation in
southern Appalachian streams (Wilson 1902). Meade (1969) later estimated that by the
1960s sedimentation rates of Atlantic slope rivers were four to five times higher than
rates before Euro-American settlement.

The relationship between land-use changes and increased sediment has also been
recognized in the Little River watershed. Several UT theses observed how land use has
affected water quality (Sutherland 2004; Hart 2006; Burley 2008). Sutherland (2004)
examined the relationship between nonpoint source pollution (including sediments and
nutrients) and aquatic diversity in two subwatersheds of the Little River. She concluded,
in part, that poor streambank conditions and poor benthic habitats were correlated, which
implies that land use can, to some extent, be responsible for impaired water quality. Hart
(2006) reported that drainage areas that consisted of a forested land cover had lower
concentrations of total suspended solids (TSS) than drainage areas classified as either
agricultural or urban. Hart found that the situation was worsening, as TSS concentrations
in the Little River watershed almost doubled between 2000 and 2004. Burley (2008)
explored the relationship between land cover and water quality and found that degraded

water quality occurred where land cover is most anthropogenically influenced. This

4
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relationship was especially strong in the urbanized subwatershed of Pistol Creek.
Together these complementary theses indicate that land use can be a predictor of water

quality throughout the Little River watershed.

1.4 Consequences of Excessive Sediment

1.4.1 Imperiled Aquatic Organisms

Increased bank erosion and excessive stream-borne sediment may degrade habitat
for aquatic organisms (Burkhead et al. 1997; Freeman and Schorr 2004). When the
amount of instream sediment exceeds the amount that can be moved through the system,
stream bottom substrates become covered, or embedded. Interstitial spaces are then filled
and habitat is decreased (Waters 1995). This process impacts benthic macroinvertebrates,
as the coarser particles that provide their habitat are covered by finer particles (Burkhead
et al. 1997). Kaller and Hartman (2004) examined the relationship between fine sediment
accumulation and the diversity of three benthic macroinvertebrate species. Although
these processes are not fully understood, they found that, in seven Appalachian streams,
the diversity of these species decreased during drought when fine sediments exceeded
0.8-0.9% of substrate accumulations.

In addition to reducing the amount of suitable space in which aquatic organisms
live, streambank erosion can limit food availability. Benthic macroinvertebrates feed on
litter from riparian vegetation, and as the amount of vegetation decreases, food shortages
can occur (Barbour et al. 1999). Benthic macroinvertebrates also feed on periphyton,
which are sessile organisms such as algae and small crustaceans that live attached to

5
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surfaces projecting from the bottom of a freshwater aquatic environment. Bank erosion,
resulting in excessive sediments to the stream channel, reduces the abundance of
periphyton by covering them in a layer of fine sediment (Barbour et al. 1999). These
changes may affect higher trophic levels by limiting the amount of prey available to fish

(Allan 1995; Waters 1995; Burkhead et al. 1997).

1.4.2 Costs of Soil Erosion

Soil erosion from fluvial processes has been estimated to cost over $7 billion per
year in the United States (Pimentel et al. 1995). When all sources of sediment are
considered, costs may exceed $16 billion (Osterkamp et al. 1998). There are several
reasons why sediment can be costly, including associated water treatment costs (Forster
et al. 1987; Holmes 1988; Dearmont et al. 1998). Eroded particles can act as a conveyor
of sediment-sorbed contaminants such as nutrients from agricultural fertilizers,
pesticides, and heavy metals, which must later be removed through water treatment
processes (Pimentel et al. 1980; Knezovich and Harrison 1987). Dearmont et al. (1998)
found that, in Texan cities, high sediment loads caused raw surface water to require
substantially more chemical treatment than uncontaminated water. Sediment may also
reduce reservoir storage capacity (Clark et al. 1985; Crowder 1987; Denton et al. 2000;
Juracek 2006; TDEC 2006). As reservoirs become filled with fine sediment, water depth
decreases, and dredging may be required to restore functionality. Similarly, sediment may
fill waterways and reduce the ability to transport goods via commercial navigation (Clark

et al. 1985; TDEC 2006). Another cost associated with soil erosion is the reduction of
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land used for agricultural purposes. Specifically, streambank erosion may cause channel

widening and thereby encroach on surrounding agricultural land (Hooke 1979).

1.5 Research Objectives

I conducted this thesis research to build upon the existing knowledge base of
streambank erosion in the Little River watershed. To do this I investigated bank angles
and shapes on five tributaries throughout the watershed. This research tested the
hypotheses that erosion pins should display higher rates of erosion when located on
steeper-angled bank segments, and that certain bank shapes (e.g. undercut) are more
associated with higher erosion rates than other shapes (e.g. gently sloping). This research
also related certain channel factors such as bank shape, soil texture, and height on the
bank to erosion rates. In addition, | compared the characteristics of erosion-pin
monitoring sites to those of a broader stream area to determine if monitoring sites are
representative, thus evaluating if erosion-pin data can be extrapolated. This research is
important because of its potential to inform management decisions regarding land use,
sediment sources, and stream channel rehabilitation. Specific objectives and related

questions are as follows:

1. Characterize bank angles.
Q. What are the average bank angles at the monitoring sites?
Q. Do bank angles vary by height on the bank (pin position)?

Q. Do bank angles vary by stream and/or by site?
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2. Characterize the relationship between bank angles and pin exposure.
Q. Does a greater bank angle correlate with greater pin exposure?

Q. Is this relationship affected by pin position, soil texture, and/or bank shape?

3. Characterize bank shape.

Q. What bank shapes are found in the study reaches?

4. Determine if bank shapes at monitoring sites are representative of the immediate
stream reach.
Q. How do bank shapes at erosion-pin monitoring sites compare to bank shapes in

the immediate stream reach?

1.6 Organization of Thesis

This thesis is divided into five chapters. The first chapter justifies my research and
places it in the larger context of the Little River Targeted Watershed Initiative. It also
gives an overview of the relevant literature and presents the primary research questions
and objectives. Chapter Two describes the study area and gives detailed descriptions of
the included tributaries. The field and statistical methods are explained in Chapter Three,
while the fourth chapter presents the results of the study. Finally, in Chapter Five, I
discuss the results, present major conclusions, and suggest possible directions for future

research.
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Chapter Two
2. Study Area

2.1 General Setting

The Little River watershed (HUC 06010201) drains 98,000 ha of East Tennessee
in Blount, Knox, and Sevier Counties (Figure 2.1). Most of the basin is in Blount County
(70,200 ha), and it includes the cities of Townsend, Maryville and Alcoa. The Little River
originates in Great Smoky Mountains National Park (GSMNP) on the north slope of
Clingmans Dome, the highest point in Tennessee and the third highest peak in eastern
North America. It then flows 96 km northwestward through both agricultural and urban
areas until it reaches Fort Loudoun Reservoir, an impoundment of the Tennessee River.
The Little River is a perennial stream that supports several federally and state protected
species (USEPA 2005b), is used for recreational purposes, and supplies drinking water to
over 100,000 residents. The Tennessee Department of Environment and Conservation
(TDEC) designates the portion of the Little River in GSMNP as a Blue Ridge ecoregion
reference site, and uses it as a benchmark for assessing stream health in that region

(TDEC 2006).

2.2 Physiography, Geology, and Vegetation

The Little River watershed is located in an area of wide-ranging environmental
resources. The watershed extends across two Level 111 ecoregions: the Blue Ridge

(ecoregion 66) and the Ridge and Valley (ecoregion 67). Elevations in the watershed
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Figure 2.1 The Little River watershed.
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range from approximately 250 m above sea level at the Little River’s mouth to over 2000
m at its headwaters near Clingmans Dome.

The Blue Ridge Mountains are one of the most biologically diverse ecosystems in
the eastern United States (TDEC 2000) and the most floristically diverse in Tennessee
(Griffith et al. 1997). As part of the Appalachian Mountain range, these mountains are
among the oldest in the world. The Appalachian range was created by the tectonic
collision of the landmasses now known as Africa and North America during the
formation of the supercontinent Pangaea approximately 300 million years ago
(Abramson and Haskell 2006). This intense geologic event caused folding and faulting of
once horizontal sedimentary rocks, which formed the dramatic relief we see today.

The Ridge and Valley ecoregion is relatively low in elevation and is situated
between the Blue Ridge Mountains and the Cumberland Plateau. This region is
characterized by alternating ridges and valleys that run in a southwest-northeast direction.
Due to extreme folding and faulting, the ridges and valleys vary in width, height, and
geologic composition. The geology includes limestone, dolomite, shale, siltstone,
sandstone, chert, mudstone, and marble. The karst topography commonly found in this
region is a product of soluble limestone and dolomite, which weathers to create the area’s
many sinkholes and caves. The Ridge and Valley ecoregion has high aquatic habitat
diversity despite the impoundments on the Tennessee River and its major tributaries
(Griffith et al. 1997).

Within the two Level 111 ecoregions found in the Little River watershed there are
eight Level IV subecoregions (Figure 2.2). The Southern Sedimentary Ridges (66e), the
Limestone Valleys and Coves (66f), the Southern Metasedimentary Mountains (66g), and

11
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Figure 2.2 Level 1V Ecoregions in the Little River watershed.

12
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the High Mountains (66i) all belong to the Blue Ridge ecoregion. The Ridge and Valley
ecoregion consists of the Southern Limestone/Dolomite Valleys and Low Rolling Hills
(67f), the Southern Shale Valleys (67g), the Southern Sandstone Ridges (67h), and the
Southern Dissected Ridges and Knobs (67i) subecoregions.

The Southern Sedimentary Ridges (66€) include some of the foothills of the Blue
Ridge Mountains with steep slopes as high as 1,300 m. The geology is composed mostly
of Cambrian-age sedimentary rocks, although some lower elevation streams cut through
limestone. Common vegetation is mostly mixed oak and oak-pine forests. The Limestone
Valleys and Coves (66f) are lowland areas of the Blue Ridge. In areas such as Cades
Cove in GSMNP, geologic windows have formed, as older rocks, which were forced up
and over younger rocks, erode away. The Southern Metasedimentary Mountains (66g)
and the High Mountains (66i) are located along the eastern border of Tennessee and
include the highest peaks of the Smoky Mountains. The geology of these ecoregions is
composed primarily of Precambrian-age metamorphic and sedimentary materials.
Appalachian oak and northern hardwood forests of the area include a variety of oaks
(Quercus) and pines (Pinus) as well as hemlocks (Tsuga), yellow poplars (Liriodendron),
birch (Betula) and beech (Fagus). Above 1,600 m, in ecoregion 66i, Evergreen red spruce
(Picea rubens) and Fraser fir (Abies fraseri) forests are common. Acid rain and invasive
pests such as the balsalm woolly adelgid (Adelges piceae) have adversely affected these
high elevation spruce-fir forest ecosystems (Griffith et al. 1997).

The Southern Limestone/Dolomite Valleys and Low Rolling Hills (67f) are
composed primarily of limestone and cherty dolomite. The nearly parallel rolling hills
and valleys are characteristic landforms. Common forest types are white oak (Quercus
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alba), bottomland oak (Quercus spp.), and riparian forests consisting of sycamore
(Platanus occidentalis), ash (Fraxinus), and elm (Ulmus) (Griffith et al. 1997). Cedar
barrens dominated by native perennial grasses with scattered red cedar trees (Juniperus
virginiana) are also found in this ecoregion. The Southern Shale Valleys (679) are
composed of lowlands, rolling hills and valleys, and slopes. Cambrian-age shales
containing narrow bands of limestone underlie this area. The Southern Sandstone Ridges
(67h) not only contains the sandstone ridges, but also include some areas of shale and
siltstone. Due to highly acidic soils, pine forests are dominant on these steep, smooth
ridges. The Southern Dissected Ridges and Knobs ecoregion (67i) contains broken
ridges, unlike the smooth sandstone ridges of ecoregion 67h. Geologic materials include
calcareous shale, limestone, siltstone, sandstone, and conglomerate. Oak-pine forests are
common at higher elevations, whereas mixed mesophytic forests are found on the lower

portions.

2.3 Soils

In the Little River watershed, soils consist of deep, well-drained Inceptisols.
These soils are developed from residuum parent material and are found in cool to very
warm, humid and sub-humid regions (USDA 1959). There are five USDA soil groups
represented at the five tributaries included in this study. They are the Ramsey-Rock
Outcrop-Barbourville group (silty loam), the Cumberland-Etowah-Talbott group (sandy

loam), the Decatur-Dewey-Emory group (sandy loam), the Dandridge-Linside-Sequoia
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group (silt loam), and the Litz-Sequoia-Fullerton group (silt loam-silty clay) (NRCS
2007).

Morris (2008) found that the majority (59%) of streambank materials at Little
River bank erosion monitoring sites were composed of clay rich, moderately fine and
fine-textured soils (Appendix A). These findings differed from the available National
Resource Conservation Service (NRCS) soil survey maps. In general, streambanks
usually consist of coarser materials, while finer particles are deposited on the floodplain
(Gordon et al. 2004). Morris suggests that one possible explanation for the discrepancy
could be channelization, or the physical relocation of stream channels by humans. He
explains that another cause might be increased influxes of fine sediment due to
widespread deforestation. Finally, this discrepancy could be due to a difference in soil
sampling methods. Morris sampled from points on streambanks, whereas NRCS soil
survey maps were based on a combination of aerial photos and spatially distributed soil
samples. This variation should be noted by anyone studying streambanks in the Little
River watershed, as in situ samples may be a better indicator of soil type than the more

often used NRCS soil survey maps.

2.4 Climate

The Southeastern United States is characterized by a Képpen Cfa climate
(Pidwirny 2006). The region is affected by both dry continental air from the northwest,
and by moist air originating in the Gulf of Mexico. An orographic effect is responsible

for higher levels of precipitation in the Smoky Mountains than in the adjacent lowlands;
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mean annual precipitation for the Little River watershed is 1,470 mm in GSMNP and
1,245 mm outside of the National Park (TVA 2003). Precipitation occurs relatively
steadily throughout the year. Snowfall is most common at higher elevations such as in
GSMNP. Temperature in the watershed is highly seasonal, with lowest temperatures
occurring December through February, and highest temperatures occurring June through
August. At lower elevations, annual maximum and minimum temperatures from 1966 to

2007 averaged 20.6 °C and 7.6 °C, respectively (SERCC 2009).

2.5 Land Use

Prior to Euro-American settlement, the Tsalagi, or Cherokee inhabited the
Southern Appalachians, including East Tennessee. There were several Cherokee villages
in the Upper Tennessee River Valley. One of these villages, named Elajay, was located
near the confluence of Ellejoy Creek and the Little River until the mid-1800s (Williams
1948). Throughout the Southern Appalachian region, aboriginal peoples, including the
Cherokee, are known to have used fire (Harmon 1982; Abrams 1992; Delcourt and
Delcourt 1997). They burned to enhance crop production, to clear land for agriculture, to
increase accessibility, and also to facilitate hunting practices (Goodwin 1977).

During the period of Euro-American settlement in the mid-1800s, humans
continued to use fire and also began logging to clear land for farming (Harmon 1982).
The impacts made by these subsistence-farming settlers were small compared to the
large-scale logging that shaped the landscape in the early 20" century. In 1901, a group

of men headed by Colonel W.B. Townsend bought over 40,000 ha along the Little River.
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Soon after, the Little River Lumber Company was founded. It would become among the
largest commercial logging operations in the Southern Appalachians. From 1901-1939,
Townsend’s lumber company built over 240 km of railroad. Two branches of the railroad
extended into present-day GSMNP, with numerous spurs going further. Townsend
eventually sold much of the land that became GSMNP to the state of Tennessee in 1925.
However, the contract gave the lumber company the right to log for another 15 years. The
Little River Lumber Company officially closed its mill in 1938, but not before sawing
560 million board feet (1.3 million cubic meters) of timber (Little River Railroad and
Lumber Co. Museum 2010).

Today, various human activities place pressure on the Little River watershed. In
2003, TVA conducted an Integrated Pollutant Source Identification study and found land
use in the watershed to be 60% forested (25% in GSMNP), 25% agricultural (cropland,
livestock farms, and pasture), 10% residential, 4% commercial/industrial and 3% water
and wetlands (TVA 2003). Inside GSMNP, the Little River is designated as an
Outstanding National Resource Water, which restricts regulated degradation of the
stream (TDEC 2006). Outside of the National Park, however, human land-use practices
have led to extreme habitat alteration. Blount County has experienced increased
development and urbanization, and is one of the fastest growing regions in Tennessee.
With an expected 30% increase in population by the year 2030 (Ezzell et al. 2005), this
trend will probably continue throughout the Little River watershed for many years to

come.
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2.6 Descriptions of Study Sites

The streambank erosion monitoring sites are located in five subwatersheds of the
Little River. In all, 17 monitoring sites were established on 13 streams (Table 2.1). These
subwatersheds drain a total of approximately 34,000 ha, ranging from 1,652 ha to 10,080
ha each. In June of 2007, baseflow water widths ranged from 1.13 m to 12.80 m. Average
discharge during this time ranged from 0.009 cms to just above 0.81 cms. Average bank
height throughout the studied stream reaches is 1.25 m, ranging from approximately 0.8
m to just above 2.0 m (Harden et al. 2009). The erosion-pin monitoring sites are located

in four Level IV ecoregions.

2.6.1 Carr Creek

Carr Creek flows in a northeasterly direction close to GSMNP. Covering only
1,652 ha in rural Blount County, Carr Creek drains the smallest area of the studied
subwatersheds. The only monitoring site is located in this watershed (CaC2) is in the
Limestone Valleys and Coves ecoregion (66f). There is a bridge crossing approximately
10 m upstream and the streambanks at this site are approximately 1.1 m high. Soils of the
streambanks are composed of moderately fine to moderately coarse-textured soils (Morris
2008). Land use is forested on the left bank and pasture on the right bank. Riparian buffer
vegetation is thickest on the left bank and consists of native hardwoods intermixed with

non-native Chinese privet (Ligustrum sinense).
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Table 2.1 Locations and characteristics of erosion-pin monitoring sites. Modified from
Harden et al. (2009).

Baseflow?
Site  Tributary Latitude Longitude Width  Discharge
Degrees N Degrees W m cms
CaC2 Carr Creek 35.6864 -83.7772 1.92 0.023
CrCl1 Crooked Creek 35.7714 -83.8781 9.14 0.230
CrC3 Flag Branch 35.7659 -83.8887 4.88 0.010
North Fork Crooked
CrC4 Creek 35.7103 -83.9131 3.05 0.045
South Fork Crooked
CrC5 Creek 35.7103 -83.9128 3.96 0.030
EC2 Ellejoy Creek 35.7873 —-83.8011 4.75 0.048
EC3 Ellejoy Creek 35.8017 —83.7459 1.68 0.009
EC5 Millstone Branch 35.7898 -83.7733 3.41 0.009
EC6  Pitner Creek 35.8115 ~83.7683 8.84" 0.013"
NC1 Nails Creek 35.8135 —-83.8838 4,72 0.168
NC3 Nails Creek 35.8626 -83.8132 1.13 0.023
NC4  Wildwood Creek 35.8123 —-83.8828 2.26 0.016
PC1 Pistol Creek 35.8159 -83.9418 12.80 0.812
PC2 Pistol Creek 35.7931 —-83.9706 6.40 0.832
PC3  Pistol Creek 35.7693 -83.9828 13.75 0.286
PC6  Springfield Branch 35.7859 —83.9567 2.59 0.065
PC7  Culton Creek 35.7796 —-83.9897 11.61 0.144

% Data from June 2007, except for EC6
® July 07 data
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2.6.2 Crooked Creek

Crooked Creek joins the Little River from the southeast and its watershed is 8,274
ha, cutting through Level 1V ecoregions 67f and 67g. The four study sites are located in
Crooked Creek proper (CrC1), Flag Branch (CrC2), North Fork Crooked Creek (CrC4),
and South Fork Crooked Creek (CrC5). Land use around the four sites is predominately
pasture. Riparian buffer vegetation is sparse (TVA 2003). Bridges divert the flow directly
upstream from two of the four sites (CrC1 and CrC3). Streambank heights of the
monitored reaches are typically around 1.2 m, although CrC1 is 1.7 m. Bank materials at
the monitoring sites are generally moderately fine-textured with the exception of CrC5,

where they range from fine to coarse-textured (Morris 2008).

2.6.3 Ellejoy Creek

Ellejoy Creek’s watershed is 9,885 ha and land use surrounding the study sites is
mostly pasture with some forests. Four erosion-pin monitoring sites are located in this
watershed. Two sites are on the main stem (EC2 and EC3), one site is on Millstone
Branch (EC5), and another site is on Pitner Creek (EC6). Study site EC3 is located in
ecoregion 67i, while the other study sites are in ecoregion 67g. The watershed contains
approximately 50 beef cattle sites adjacent to the stream (TVA 2003). Riparian
vegetation is sparse with a few hardwoods and some cool-season grasses present. Both
EC2 and EC3 have a bridge directly upstream. The studied streambanks of Ellejoy Creek

are normally 1.2 m high. However, at the EC5, bank height is near 2.0 m. Streambank

20

www.manaraa.com



materials consist of moderately fine-textured soils, though some coarse-textured soils

were found at EC3 (Morris 2008).

2.6.4 Nails Creek

Nails Creek has a watershed of 4,628 ha. Study sites are located on Nails Creek
(NC1 and NC3) and Wildwood Creek (NC4). All three study sites in the subwatershed
are located in the Southern Shale Valleys ecoregion (67g). Agriculture is the predominant
land use in the watershed. As at other sites, riparian buffer vegetation is sparse, although
NC4, right bank, is forested. NC1 has a bridge 25 m upstream and at NC4 a concrete wall
disrupts the helical flow 10 m upstream. Approximately 20% of the streambanks in Nails
Creek watershed were found to be actively eroding (TVA 2003). Streambank materials
are moderately fine-textured, but some coarse-textured soils are present at NC4 (Morris

2008).

2.6.5 Pistol Creek

Pistol Creek flows through the metropolitan areas of Maryville and Alcoa. On the
main stem of Pistol Creek there are three study sites (PC1, PC2, and PC3). Two other
sites are located on Springfield Branch (PC6) and Culton Creek (PC7). All study sites,
like those in Nails Creek, are in the Southern Shale Valleys ecoregion (67g). Over half of
the 10,000 ha in the watershed are classified as urban. Impervious surfaces such as
pavement cover approximately 23% of the watershed. Land uses adjacent to study sites

are more variable (TVA 2003). There are bridges located directly upstream from both

21

www.manaraa.com



PC3 and PC7. Riparian vegetation is thin with a few hardwoods and abundant Chinese

privet. Streambanks are composed of fine to moderately fine-textured soils (Morris

2008).
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Chapter Three
3. Methods

3.1 Site Selection

In 2005, the Little River in East Tennessee was one of 12 streams in the United
States to be awarded a Targeted Watershed Grant by the U.S. Environmental Protection
Agency. The goal of these grants is to “encourage successful community-based
approaches and management techniques to protect and restore the nation's watersheds”
(USEPA 2009). Beginning in 2006, a group of organizations, led by the Blount County
Soil Conservation District and Tennessee Valley Authority (TVA), established 28 sites
on eight Little River tributaries to monitor stream flow and water quality. Of those 28
sites, 17 were chosen for a study of streambank erosion.

The 17 streambank erosion monitoring sites are located in the subwatersheds of
five Little River tributaries and are the focus of my research. The Tennessee Department
of Environment and Conservation denoted these five tributaries as impaired due to high
levels of siltation/sedimentation (TDEC 2006). In selecting individual monitoring sites
on each tributary, accessibility was a key factor. The studied streams are wadable and
monitored banks are located in close proximity to roads. In most cases, the studied banks
were chosen to be representative of banks on the tributaries and streambank erosion
appeared typical for the watershed (Harden et al. 2009). However, five banks (EC5-left
bank, NC1-right bank, CaC2-right bank, CrC5-right bank, and PC2-right bank) were

included due to visibly high levels of erosion. At two of these sites (NC1 and EC5), only
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one bank was monitored. Thus, erosion pins were installed and monitored on 32 stream

banks.

3.2 Erosion Pins

3.2.1 Erosion-Pin Installation

Dr. Carol Harden and students from the UT Geography Department, including
myself, installed a total of 123 erosion pins between December 18, 2006 and February
14, 2007. The pins were made from 3.2 mm diameter steel rods cut to a length of 25 cm.
One end of each erosion pin was painted white to enhance its visibility in the field for
relocation purposes. Following research methods used by TVA and the United States
Forest Service (Harrelson et al. 1994), erosion pins were inserted perpendicular to the
slope of each bank with 2 cm of each pin exposed for reference. Four pins were aligned
vertically, with one at the top of the bank (#1), one pin midway between the top of the
bank and the normal water line (#2), one at the water line (#3), and another pin
approximately 15 cm below the normal water line (#4) (Figure 3.1). For this study, the
normal water line was established based on field observations of typical water levels,
vegetation or lack thereof, and bank morphology. At five sites, erosion pin #4 was not
installed due to rocks or an unstable substrate. Where roots or other obstructions existed,
the pins were offset slightly. Pin placements were documented photographically and by

measurements of their distance from landmarks.
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Figure 3.1 Positioning of erosion pins on left and right banks. From Harden et al. (2009).
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3.2.2 Erosion-Pin Measurements

Between June 2007 and December 2008 we measured erosion pin exposure on six
occasions. The first measurements took place in June and then December of 2007. Due to
observations of high rates of streambank erosion, the schedule was changed from
biannual to quarterly, with subsequent measurements taking place in March, June,
October, and December of 2008. Erosion-pin measurements were reported to the nearest
millimeter using a ruler at the point of greatest exposure. Initially, only one individual
took measurements, but beginning in March of 2008, we added an additional quality
control step. Separate measurements taken by two individuals were compared to
minimize personal error. When measurements varied by more than 2 mm, pin exposure
was remeasured until a consensus was reached.

In some cases, a pin measurement could not be taken and a substitution was
required. Numerical values were assigned to pins that were known to be buried or
missing due to erosion. In this thesis, pins that were missing are assigned a value of 20
cm and buried pins are assigned a value of -5 cm. For consistency, these assigned values
assume that pins exposed by 20 cm would be eroded away, and that pins known to buried
were covered by at least -5 cm. Erosion pins that were considered lost were excluded
from analysis because we did not have knowledge regarding the cause of their

disappearance.
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3.3 Bank Angles

3.3.1 Bank Angle Measurements

In March of 2008, | measured streambank angles at each erosion pin using an
Abney Level. More specifically, the level was used to record the vertical slope of a 10 cm
bank segment centered on each pin. Angle was recorded to the nearest degree. Several
bank segments centered on #4 pins were not measured because they were submerged
below the water or were absent. However, low water levels due to drought conditions
allowed the assessment of many of these bank segment angles. Also, because an Abney
Level is designed to measure angles between 0 and 90°, obtuse angles could not be
measured and as a result were reported as 95°. While numerous other studies have
measured slope angle of an entire bank, to my knowledge, this technique of measuring

bank angles at individual erosion pins has not been previously used.

3.3.2 Bank Angle Data Analyses

To characterize bank angles, | calculated descriptive statistics for the entire study
area, for each pin, and for each tributary. The statistics | calculated included mean,
median, standard deviation, minimum and maximum values, range, and upper and lower
quartiles. To test whether bank angle (measured over a 10 cm segment centered on each
erosion pin) is associated with two-year cumulative erosion rates, | ran several statistical
analyses. 1 first ran two Kolmogorov-Smirnov (KS) tests to determine the normality of
the bank angle and erosion-pin exposure data. The results showed that bank angle data

were normally distributed but that the erosion pin data were not. Any time erosion pin
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exposure data were used in further analyses, | used nonparametric tests, but if bank angle
data were used exclusively, parametric tests were implemented. All analyses were
conducted using SPSS 17 software.

| used correlation analysis to assess the relationship between bank angle and pin
exposure. Because pin exposure data were not normal, | used a nonparametric test based
upon Spearman’s rank correlation coefficient (rs). The following relationships were

tested:

» All bank angles to pin exposure.

» Bank angles > 30° to pin exposure.

» Bank angles <90° to pin exposure.

» Bank angles sorted by pin number (bank position) to pin exposure.
» Bank angles sorted by bank shape to pin exposure.

» Bank angles sorted by soil texture to pin exposure.

To determine how bank angles varied spatially across the study area, | ran
additional tests on the bank angle data. Specifically, | wanted to determine whether the
relationship between bank angle and pin exposure was different between tributaries
and/or monitoring sites. These tests were conducted through analysis of variance

(ANOVA), a parametric test that compares the means of three or more groups.
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3.4 Bank Shapes

3.4.1 Bank Profile Measurements

| documented bank profiles to classify the bank shapes of erosion-pin monitoring
sites and to assess how well the banks at those sites represent a broader area. To
document bank profiles, I measured the distance from a vertical stadia rod in the stream
to the bank using a Trimble Spectra Precision Laser HD50 range finder. | installed a
bubble level on the stadia rod for horizontal accuracy. All measurements were taken with
the stadia rod at the same location in the stream, sliding the laser up the leveled stadia rod
in 10 cm increments (Figure 3.2). Distances were measured three times to the nearest
millimeter. The median measurement was used to graph the profiles. | collected bank
profile data every 5 m of a 20 m reach, including the erosion-pin monitoring site, for a

total of five profiles per bank. Profiles were documented once at each site.

3.4.2 Bank Shape Classification

Profile measurement data were entered into Microsoft Excel and graphically
depicted. Streambank profiles were then classified into one of four bank shape categories:
gradually sloping, moderately sloping, steeply sloping, or undercut (Table 3.1). These
classes are similar to the types of streambank shapes used by the Environmental
Protection Agency for the assessment of streambank and channel characteristics (USEPA
2010) (Figure 3.3). Undercut shapes were determined by a visual assessment of the bank
profile graphs. If any portion of a bank appeared to be > 90°, it was classified as

undercut. For profiles that were not undercut, | delineated between gently, moderately,
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Figure 3.2 Profiling technique with laser point visible on bank of Nails Creek. Photo by
Monica Rother.
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and steeply sloping. Using the profile graphs, I calculated the arctan of the entire profile
slope and then converted radians to degrees. Gently sloping banks were defined as having
whole-bank slope angles of 0-29°, moderately sloping banks had angles of 30-49° and

steeply sloping banks had angles of 50-90°.

3.4.3 Bank Shape Analyses

I compared bank profile shapes (undercut, steeply sloping, moderately sloping,
gently sloping) of erosion-pin monitoring sites to those up and down stream to determine
if the monitoring sites were representative of the stream reach in terms of bank shape. If
the profile shape of the monitoring site matched at least two of the other four bank shapes
in the 20 m reach, the monitoring site was considered representative. For example, if the
monitoring site was classified as undercut, and two or more of the profiles in the stream
reach were also undercut, the monitoring site was considered representative. However, if
the erosion-pin monitoring site profile shape was undercut and only one other profile in
the 20 m reach was undercut, the monitoring site was deemed not representative of the

reach.
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Table 3.1 Description of bank shape classes.

Bank shape class Description

Gently sloping Bank slope is 0-29°
Moderately sloping Bank slope is 30-49°
Steeply sloping Bank slope is 50-90°
Undercut Portion of bank is > 90°

Figure 3.3 Types of streambank shapes (USEPA 2010).
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Chapter Four

4. Results

4.1 Erosion-Pin Data

Erosion-pin exposure was measured in June and December of 2007, and in
March, June, October, and December of 2008. These six visits to each monitoring site
over the course of two years yielded over 700 individual pin measurements. The erosion-
pin exposure measurements were prepared, analyzed, and published in 2009 by Harden et
al. (Appendix B). The data represent cumulative change in pin exposure over a two-year
period. Although nearly 20% of measurable pins showed gains rather than losses of
sediment, median erosion-pin exposure after two years was 3 cm. This level of exposure
can be interpreted as 1 cm loss because original pin exposure was set at 2 cm. Mean
erosion-pin exposure, 4.2 cm, was higher than the median pin exposure. In general,
exposure at pin #4 was notably greater than at pin positions that were higher on the
streambanks. Although losses were greatest at pin #4, two-thirds of pins with losses of 3
cm or more were located above the water line and these pins generally recorded erosion

even during drought conditions.

4.2 Bank Angles

4.2.1 General Characteristics

I measured 113 angles on 32 streambanks using an Abney Level in March of 2008

(Appendix C). Angles at 10 erosion pins (approximately 8% of all pins) were not
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measured because the pins were either absent or submerged. The mean angle of all
measurements was 55.2° and the median was 50.0°. The data were not tightly clustered
around the mean, as the average standard deviation was 25.5°. Angles ranged between a
minimum of 10° and a maximum of 95°, the latter being assigned as a close estimate for
angles > 90°.

Descriptive statistics indicated that angles varied by pin position (height on bank).
The mean angle ranged approximately 50 to 60° between pins, with average angles
greatest at pin #3. The median angle ranged approximately 30 to 58°, with angles again
greatest at pin #3. At all four pin positions, a maximum angle of 95° was recorded, and
the minimum angle ranged 10 to 20°. | found that angles were most variable at pin #4,
which was located below the ordinary water line. This variability is reflected by the high
standard deviation, widely spaced lower and upper quartiles, and large range (Table 4.1,
Figure 4.1).

I examined the descriptive statistics of bank angle by tributary, and observed that
bank angles varied by location (Figure 4.2, Table 4.2). Mean angle ranged from 44.9 to
70.0°; bank angles are highest at monitoring sites in the subwatersheds of Carr Creek and
Ellejoy Creek. To determine whether these differences in mean angle were statistically
significant, 1 used ANOVA to test whether bank angles differed between the five
tributaries. I then further broke down the data and tested for differences between the 17
monitoring sites. In both cases, ANOVA results were significant at the P < 0.05 level,

indicating that the means were not equal (Table 4.3, Table 4.4).
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4.2.2 Relationship Between Bank Angle and Pin Exposure

Correlation analyses revealed many significant relationships between bank angle
and pin exposure (Table 4.5). Spearman’s rank correlation coefficient (rs) between all pin
exposure values and corresponding bank angle data was 0.289, where P <0.01 and n =
113 (Figure 4.3). When angles < 30° were excluded, rs increased slightly and was 0.351,
where P < 0.01 and n = 95 (Figure 4.4). When angles > 90° were excluded, rs was 0.237,
where P <0.05 and n = 92 (Figure 4.5). When bank angles were sorted by pin position,
correlations were significant only for pin #3 (rs = 0.362, P < 0.05, n = 32) and pin #4 (rs =
0.497, P < 0.05, n = 17) (Figure 4.6, Figure 4.7). In the case of soil texture, the
correlation between angles and pin exposure was significant where soil texture was clay
(rs =0.517, P <0.05, n = 17) (Figure 4.8). Finally, when angles were sorted by bank
shape, the relationship between bank angle and pin exposure on banks classified as
undercut was significant (rs = 0.431, P < 0.05, n = 30) (Figure 4.9). All other tested

relationships were not significant.

4.3 Bank Shapes

| plotted five profiles for each of the 32 monitored streambanks, for a total of 160
profiles. I then classified streambank profiles into one of four bank shape categories:
gradually sloping, moderately sloping, steeply sloping, or undercut (Appendix D,
Appendix E). Of the 160 profiles, approximately 28% were undercut (n = 45) and
approximately 44% were steep (n = 70). When | compared the bank shapes of erosion-pin
monitoring sites to those up and down stream, | determined that streambank shape at 25

of the 32 monitoring sites was representative of the broader stream reach (Table 4.6).
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Thus approximately 78% of monitoring sites were determined to be representative of the

reach.

Table 4.1 Descriptive statistics of bank angles in degrees for each pin position.

Pin n-size Mean Median SD Min. Max. Range
1 32 50.4 46.0 22.1 20 95 75
2 32 58.1 55.0 22.3 19 95 76
3 32 59.6 57.5 24.6 14 95 81
4 19 47.1 30.0 36.1 10 95 85
All Sites 113 55.2 50.0 25.5 10 95 85
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Figure 4.1 Variability of bank angle by pin position. The maximum, upper quartile,
median, lower quartile, and minimum values are displayed for each pin.
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Figure 4.2 Variability of bank angle by tributary. The maximum, upper quartile, median,
lower quartile, and minimum values are displayed for each tributary.

Table 4.2 Descriptive statistics of bank angles in degrees of all five tributaries.

Tributary  n-size  Mean Median SD  Min. Max. Range
CaC 7 70.0 84.0 25.9 32 95 63
CrC 28 44.9 45.0 175 10 95 85
EC 24 65.5 64.5 25.6 22 95 73
NC 17 55.2 48.0 28.5 12 95 83
PC 37 53.6 52.0 26.6 14 95 81

All Sites 113 55.2 50.0 25.5 10 95 85
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Table 4.3 Results from ANOVA test on bank angles by tributary.

Sum of Degrees of  Mean Square F P
Squares Freedom
Between 7152.778 4 1788.195 2.932 .024
Groups
Within 65862.939 108 609.842
Groups
Total 73015.717 112

Table 4.4 Results from ANOVA test of bank angles by monitoring site.

Sum of Degrees of  Mean Square F P
Squares Freedom
Between 18560.163 16 1160.010  2.045 017
Groups
Within 54455.554 96 567.245
Groups
Total 73015.717 112
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Table 4.5 Results of Correlation Analyses. Only statistically significant correlations are

included.

Test rs P-value n-size
Angles to pin exposure 0.289**  0.002 113
Angles >30° to pin exposure 0.351**  0.000 95
Angles < 90° to pin exposure 0.237*  0.023 92
Angles to pin exposure (pin 3 only) 0.362*  0.042 32
Angles to pin exposure (pin 4 only) 0.497*  0.042 17
Angles to pin exposure (undercut only) 0.431*  0.018 30
Angles to pin exposure (clay only) 0.517*  0.034 17
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Figure 4.3 Relationship between bank angle and pin exposure.
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Figure 4.5 Relationship between bank angles < 90° and pin exposure.
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Figure 4.6 Relationship between bank angle and pin exposure for #3 pins.
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Figure 4.7 Relationship between bank angle and pin exposure for #4 pins.
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Figure 4.8 Relationship between bank angle and pin exposure where soil texture is clay.
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Figure 4.9 Relationship between bank angle and pin exposure on banks classified as
undercut.
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Table 4.6 Representativeness of bank shape at erosion-pin monitoring sites.

Monitoring Site by Shape at How many profiles Is Monitoring Site
Streambank Monitoring Site had shape of Representative?
monitoring site?

CaC2 right undercut 3 yes
CaC2 left undercut 2 no
CrC1 right moderate 2 no
CrC1 left moderate 4 yes
CrC3right steep 5 yes
CrCa3 left steep 1 no
CrC4 right steep 3 yes
CrC4 left undercut 3 yes
CrC5 right undercut 1 no
CrC5 left steep 3 yes
EC2 right steep 5 yes
EC2 left undercut 2 no
EC3 right steep 3 yes
EC3 left steep 3 yes
EC5 left steep 3 yes
EC6 right steep 2 no
EC6 left steep 5 yes
NC1 right undercut 4 yes
NC3 right steep 3 yes
NC3 left steep 5 yes
NC4 right gentle 4 yes
NC4 left undercut 3 yes
PC1 right moderate 4 yes
PC1 left steep 1 no
PC2 right steep 4 yes
PC2 left steep 4 yes
PC3right undercut 4 yes
PC3 left undercut 3 yes
PC6 right steep 4 yes
PC6 left steep 3 yes
PC7 right gentle 4 yes
PC7 left moderate 4 yes
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Chapter Five

5. Discussion

5.1 Bank Erosion Rates

Erosion pins have proven to be a useful tool for monitoring erosion in the Little
River watershed. The erosion pins used for this study were installed primarily in
perennial headwater streams, although they can also be implemented in lowland or
ephemeral streams. Erosion pins can be inserted into many different bank materials
(Midgley 1975), but Thorne (1978) was unsatisfied with their usage in unconsolidated
materials. The simplicity of erosion pins is perhaps their greatest lure for potential
researchers. The erosion pins employed were inexpensive, easy to emplace, required little
maintenance, and could be monitored quickly. In most cases, a network of erosion pins at
a site was monitored in a few minutes with no more than a pair of waders, a ruler, and a
notebook.

Erosion pins were chosen not only for their simplicity but also because they offer
a fine-resolution measure of lateral channel change. Erosion pins can detect change to the
nearest millimeter and are more accurate than other commonly used resurvey methods
such as repeated cross-profiling and planimetric resurvey (Lawler 1993). This high level
of sensitivity makes erosion pins particularly well suited for small or less active
tributaries where erosion rates are generally low (Lawler 1993), such as those in the Little
River watershed. The ability of erosion pins to record changes at high spatial and

temporal resolutions is especially useful for process-based studies (Twidale 1964). For
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example, in this study, it was possible to interpret variation in pin exposure as resulting
from different erosion processes (e.g., accretion, deposition and/or swelling).

The data indicate that the median change in erosion-pin exposure over the course
of two years was 1 cm (approximately 0.5 cm per bank per year). In comparison, retreat
rates observed in other studies that utilized erosion pins range from millimeters per year
(Leopold et al. 1966) to more than 1 m per year (Hooke 1979; Simon 1989). As expected,
pin #4, below the water line, detected the greatest amount of change. This makes sense
given my field observations that maximum hydraulic shear occurred at the bank toe.
Although losses were greatest at pin #4, two-thirds of pins with losses of 3 cm or more
were located above the water line. Thus erosion is actively occurring at all vertical
segments of the bank. Unexpectedly, pins recorded consistent erosion even during a
period of drought. This could be due to subaerial processes such as dry raveling, which
loosens and even releases streambank materials from the bank face (Couper and
Maddock 2001; Wynn et al. 2008). When higher flows do occur under these
circumstances, they are more likely to detach and entrain soil particles. While most pins
recorded positive erosion, approximately 20% detected negative erosion. Positive values
imply streambank soil loss, while negative values could have resulted from accretion or
swelling of the bank (Harden et al. 2009).

A limitation of erosion pins is that each pin records changes at only one point.
While more erosion pins would allow for more data across a range of physical stream
conditions, data collection is time intensive and access becomes an inhibiting factor as
you travel up or down stream away from a roadside entry. Because only a limited number
of pins are installed, data extrapolation becomes necessary. Extrapolating rates of bank
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erosion from one reference point to a broader bank area or a different stream reach must
be done with caution. Streambank characteristics such as bank angle and shape may vary

spatially and complicate data extrapolation.

5.2 Bank Angles of Little River Tributaries

In this research, | measured bank angles at erosion pins to determine what
relationship might exist between bank angle and erosion rates. Streambank angles have
frequently been used as a parameter in determining bank stability. For example, Pfankuch
(1978) used bank angle as one of several factors to evaluate the stability of mountain
streams in Montana. Pfankuch and other researchers (e.g., Platts 1987; Rosgen 2001)
interested in streambank stability have traditionally measured the angle of the bank as a
whole. Specifically, one streambank angle is measured from the bottom of the bank to the
top of the bank. In contrast, | measured angles of 10 cm bank segments centered at each
erosion pin. This method allowed for direct comparison of local bank angle to pin
exposure.

The mean bank angle of all erosion pins monitored in this study was
approximately 55°, with angles ranging from 10° to 95°. Angles varied by pin position,
with the highest mean and median angle at pin #3. Angles were not equally distributed
among tributaries or monitoring sites. In other words, the mean angles are statistically
different between sites. These findings are not surprising given the uniqueness of each
location. For example, bank angles are higher at Carr Creek, where the only pin-

monitoring site is located next to a farm. It is very likely that this stream reach was
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channelized at some point in the past, perhaps explaining the higher angles that were
observed. Evidence for this can be found in the fine soil textures that comprise the
streambanks of the study area (Morris 2008).

| found a weak, positive relationship between local bank angle and pin exposure
that was highly significant. This suggests that bank angle is one of many factors that
contribute to streambank erosion on the studied tributaries in the Little River watershed.
When considering only higher bank angles, those > 30°, the relationship becomes
stronger. This suggests that the association between bank angle and erosion is weakest
where banks are gently sloped, and becomes stronger as banks steepen. Due to
gravitational forces, an obvious assumption is that streambank particles are more likely to
be detached from steeper slopes and deposited on gentler slopes. This agrees with Zonge
et al. (1996), who studied streambanks in California during drought conditions. They
found net erosion to be highest on steeper bank segments, while deposition occurred on
more moderately sloped portions.

One limitation of my field methods was that the Abney level could only measure
angles between 0 and 90°. Angles over 90° were assigned a value of 95°. Based on my
field observations, this value is a close estimate of the actual angle. However, the
abundance of 95° values skewed the data set, and thus I also ran correlation analysis
without those values. The correlation was significant, but lower than for the entire data
set. In the future, a more accurate method of determining obtuse angles should be
implemented.

When | sorted the data by pin position (height on bank), bank shape, and soil
texture, several relationships stood out. At pin positions just above the ordinary water line
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(pin #3) and 15 cm below the ordinary water line (pin #4), bank angles were significantly
correlated to pin exposure; however, correlations at pin #1 and #2 were not significant.
Thus the relationship between bank angle and pin exposure is stronger lower on the bank.
This could be due to more active fluvial processes that can cause scouring of the slope toe
(Pizzuto 2008). When | sorted the data by soil texture, correlations between bank angle
and erosion-pin exposure were only significant when considering clayey soils. Clayey
soils are more cohesive than other soils and have a greater capacity to shrink and swell
(Day 1994). Shrinking and swelling often leads to the formation of tension cracks. These
cracks may lead to geotechnical failure, especially when bank angles are steep (Pizzuto
2008). When 1 sorted the data by bank shape, the correlation between bank angle and pin
exposure was only significant for undercut banks. These findings are consistent with
observations made in the field and suggest that where banks are overhanging, higher bank
angles will be associated with increased erosion rates. In addition, research suggests that
undercut banks are more susceptible to mass failure due to stronger gravitational forces
that override the resisting forces of friction and cohesion (Pizzuto 2008). In the future,
researchers may consider controlling for these factors (pin position, soil texture, bank
shape, and bank angle) to better determine how each independently affects erosion rates.
Regression analysis may facilitate better understanding of the interaction of these factors
and their combined importance in contributing to streambank erosion in the Little River
watershed.

Given that bank angle and erosion-pin exposure are only weakly correlated, it is
likely that other factors must also be considered. Land-use changes related to agriculture,
forestry, mining, and urban development substantially increase the amount of sediment
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entering U.S. streams (Wilson 1902; Waters 1995; Wang et al. 1997; Walling 1999). The
clearing of vegetation and impervious surface construction result in higher peak flows,
leading to channel enlargement through bed and bank erosion (Graf 1977; Jacobson et al.
2001). In the Little River watershed, the relationship between erosion caused by land-use
changes and increased sediment is likely to be significant. For example, Hart (2006)
reported that subwatersheds consisting of a forested land cover in the Little River
watershed had lower concentrations of total suspended solids (TSS) than drainage areas

classified as either agriculture or urban.

5.3 Bank Profile Shapes

5.3.1 Determining Bank Profile Shapes

I used a laser range finder to develop streambank profiles at each monitoring site.
This method offers an inexpensive and fast alternative to traditional profiling methods
such as cross-profiling. Whereas conventional profiling methods involve cumbersome
equipment that cannot be easily moved from stream to stream, my method employs very
lightweight equipment that can quickly document profiles. Five different bank areas were
profiled in a 20 m reach to determine if the monitoring sites were representative in terms
of profile shape; profile measurements were then taken three times at each 10 cm vertical
increment. This replication was done to minimize error, as even with the bubble level
installed on the stadia rod, it was still possible that movement occurred during laser

measurements. Repeated measurements were almost always within a 0-5 millimeter
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range, suggesting a high degree of precision. A possible drawback of my bank profiling
method is that no permanent markers were emplaced where | collected my profile data. In
the future, profiling benchmarks should be established to allow researchers to allow for
temporal analyses of changes in bank profiles.

My profiling methods enabled me to characterize 160 bank shapes in the Little
River watershed. | determined that bank shapes are variable throughout the study area,
and that even within a single stream reach, diverse bank shapes (e.g. gently sloping and
undercut) occur. Although bank shapes vary, approximately three-fourths of all banks
were classified as either undercut (n = 45) or steeply sloping (n = 70). Because these
banks erode faster (Pizutto 2008), the predominance of steep and undercut banks rather
than gently or moderately sloping banks may contribute to higher sediment levels in the

Little River watershed.

5.3.2 Representativeness of Monitoring Sites

An important factor in any field-based study is site selection. As part of this study,
| evaluated the representativeness of bank shape at monitoring sites. | found that 25 of the
32 monitoring sites (approximately 78%) shared the same bank shape as the reach in
which they are located. At the seven monitoring sites that differed in shape, surrounding
banks were typically classified as a bank shape that was only slightly different from the
monitoring site in terms of steepness. For example, at CrC5, the right bank at the erosion-
pin monitoring site was classified as undercut, while all four of the surrounding profiles

were classified as steep. As with profiles on the same bank, profiles on opposing banks

55

www.manaraa.com



were usually in similar shape classes. For example, at CrC1 the right bank was steeply
sloping, whereas the left bank was moderately sloping, and there were three instances
(CrC5, EC2, and PC6) where one bank was undercut while the other was steep. Two
exceptions to the similarity in shapes among monitoring sites were found at NC4 and
PC7. At both of these sites, the right bank was gently sloping whereas the left bank was
undercut. At NC4, the asymmetry could be explained by a concrete structure upstream of
the monitoring site, which may divert stream flow to the opposite bank, causing an
undercut. Although variability exists among streambank shapes, in general, these findings
suggest that the erosion-pin monitoring sites are reasonably representative in terms of
shape.

Bank shape should not be the only factor used to determine representativeness, as
monitoring sites may differ from the broader stream area in other ways. As previously
mentioned, monitoring sites were sometimes located downstream from fluvial diversions
such as bridges or road embankments. These structures divert the natural helical flow and
may enhance near bank stress on the bank toe, resulting in increased bank heights and
greater instability (Simon et al. 1989). In future studies, it might be valuable to separate
analyses based on the presence or absence of nearby diversions. Thus data extrapolation
from erosion pins to the broader stream area should be done cautiously and take into

consideration variability of individual site characteristics.
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Chapter Six

6. Conclusions and Recommendations

This study examines streambank angles and shapes and their relationship to

erosion-pin exposure in small streams during drought conditions in southern Appalachia.

The major findings are:

Bank angles at erosion-pin monitoring sites averaged approximately 55°.
However angles were highly variable by pin position and ranged between 10° to
over 90°. Angles also vary significantly between tributaries and individual
monitoring sites.

Streambank erosion is positively associated with bank angle at erosion pins.
When the entire data set was considered, angle correlated with pin exposure. In
addition, angle and pin exposure were positively correlated where soils were clay,
on banks that were classified as undercut, and when considering angles < 90° or
when considering angles > 30°. Significant correlations were also found when
only considering pins lower on the bank (pin #3 and pin #4). It is likely that other
factors such as land use and related changes in riparian vegetation also
significantly contribute to streambank erosion.

In the Little River watershed, streambank shapes differ by location and can be
highly irregular. I classified shapes as undercut, gently sloping, moderately
sloping, and steeply sloping and found that all of these shapes were common
throughout the study area. However, three-fourths of all bank profiles were

classified as steeply sloping or undercut.
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*  The majority of bank shapes in the surrounding reach (25 out of 32) matched
those at the monitoring site on that bank. Thus, most monitoring sites are

representative of the broader stream reach in terms of shape.

Erosion pins have proven to be a useful tool for monitoring erosion in the Little
River watershed, and they indicate that streambank erosion is occurring at a rate of
approximately 0.5 cm/year on the banks of Little River tributary streams. The causes of
erosion are likely related to many factors and the amount of erosion per site is highly
variable. This thesis has demonstrated that significant relationships exist between bank
angle and erosion-pin exposure, and that additional site factors, including bank shape, pin
position, and soil texture are also correlated to erosional losses. In the future, researchers
may consider controlling for these factors to better determine how each independently
affects erosion rates.

Additional work is needed to fully understand the dynamic nature of streambank
erosion in the Little River watershed. A stationary bank profiling method would add
temporal resolution to the study of morphological change on streambanks. Additionally,
cross-section profiling, as opposed to bank-only profiling, would give more detailed
information regarding stream channel change and other streamflow factors that are
related to cross-section shape. Future research could also include an in-depth look at
riparian vegetation, which has been shown to have mechanical and hydrological effects
on bank stability (Simon and Collison 2002). Large-scale causes of bank erosion, such as
higher discharges resulting from changes in land use, also warrant further attention from
researchers. Additional research involving near-bank velocities would better explain the
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influence of fluvial processes on streambank erosion, and a more quantitative assessment
of streambank material would allow for a more detailed statistical analysis of the affect of
soils on bank erosion. Lastly, future studies on groundwater seepage could shed light on

another mechanism that is important to bank stability.

59

www.manharaa.com




References

60

www.manharaa.com




Abrams, M. D. 1992. Fire and the development of oak forests. BioScience, 42, 346-353.

Abramson, R. & J. Haskell. 2006. Encyclopedia of Appalachia. Knoxville, TN:
University of Tennessee Press.

Allan, J. D. 1995. Stream Ecology: Structure and Function of Running Waters.
Dordrecht, The Netherlands: Kluwer Academic Publishers.

Barbour, M. T., J. Gerritsen, B. D. Snyder & J. B. Stribling. 1999. Rapid Bioassessment
Protocols for Use in Wadeable Streams and Rivers; Periphyton, Benthic
Macroinvertebrates, and Fish. Washington, D.C.: USEPA.

Burkhead, N. M., S. J. Walsh, B. J. Freeman & J. D. Williams. 1997. Status and
restoration of the Etowah River, an imperiled southern Appalachian ecosystem. In
Aquatic Fauna in Peril: The Southeastern Perspective, eds. G. W. Benz & D. E. Collins,
376-444. Decatur, GA: Lenz Design and Communications.

Burley, T. E. 2008. An Analysis of Spatiotemporal Variations of Water Quality in the
Little River Watershed and their Connections with Land-cover Patterns. M.S. Thesis,
University of Tennessee.

Clark, E. H., 11, J. A. Haverkamp & W. Chapman. 1985. Eroding Soils: The Off-farm
Impacts. Washington, D.C.: The Conservation Foundation.

Couper, P. R. & I. P. Maddock 2001. Subaerial river bank erosion processes and their
interaction with other bank erosion mechanisms on the River Arrow, Warwickshire, UK.
Earth Surface Processes and Landforms, 26, 631-646.

Crowder, B. M. 1987. Economic costs of reservoir sedimentation: A regional approach to
estimating cropland erosion damages. Journal of Soil and Water Conservation, 42, 194-
197.

Day, R.W. 1994. Swell-shrink behavior of compacted clay. Journal of Geotechnical
Engineering, 120, 618-623.

Dearmont, D., B. A. McCarl & D. A. Tolman 1998. Costs of water treatment due to
diminished water quality: A case study in Texas. Water Resources, 34, 849-854.

Delcourt, H. R. & P. A. Delcourt 1997. Pre-Columbian Native American use of fire on
southern Appalachian landscapes. Conservation Biology, 11, 1010-1014.

Denton, G. M., A. D. Vann & S. H. Wang. 2000. The Status of Water Quality in
Tennessee: 2000 305(b) Report. TDEC. Nashville, TN.

61

www.manaraa.com



Ezzell, T., E. Ogle & R. Dickinsen. 2005. Little River, Big Future: Promoting Water
Quality in the Little River Watershed Through Participatory Planning. Accessed from
http://www.littleriverbigfuture.org/ June 2009.

Forster, D. L., C. P. Bardos & D. D. Southgate 1987. Soil erosion and water treatment
costs. Journal of Soil and Water Conservation 42, 348-352.

Freeman, P. L. & M. S. Schorr 2004. Influence of watershed urbanization on fine
sediment and macroinvertebrate assemblage characteristics in Tennessee Ridge and
Valley streams. Journal of Freshwater Ecology, 19, 353-362.

Goodwin, G. C. 1977. Cherokees in transition: A study of changing culture and
environment prior to 1775. Chicago, IL.: University of Chicago, Department of
Geography.

Gordon, N., T. McMahon, B. Finlayson, C. Gippel & R. Nathan. 2004. Stream
Hydrology: An Introduction for Ecologists. Chichester, England: John Wiley and Sons.

Graf, W.L. 1977. Network characteristics and suburbanizing streams. Water Resources
Research, 13, 459-463.

Griffith, G. E., J. M. Omernik & S. H. Azevedo. 1997. Ecoregions of Tennessee.
Corvallis, OR: USEPA. Accessed from
ftp://ftp.epa.gov/wed/ecoregions/tn/tn_eco_lg.pdf May 2009.

Grissinger, E. H. 1982. Bank erosion of cohesive materials. In Gravel-bed Rivers, eds. R.
D. Hey, J. C. Bathurst & C. R. Thorne, pp. 273-287. New York: John Wiley & Sons, Ltd.

Harden, C. P., W. Foster, C. Morris, K. J. Chratrand & E. Henry 2009. Rates and
processes of streambank erosion in tributaries of The Little River, Tennessee. Physical
Geography, 30, 1-16.

Harmon, M. E. 1982. Fire history of the westernmost portion of the Great Smoky
Mountains National Park. Bulletin of the Torrey Botanical Club, 109, 74-79.

Harrelson, C., C. Rawlins & J. Potyondy. 1994. Stream Channel Reference Sites: An
[llustrated Guide to Field Technique. USDA Forest Service Report RM-245.

Hart, H. 2006. Effect of Land Use on Total Suspended Solids and Turbidity in the Little
River Watershed, Blount County, Tennessee. M.S Thesis, University of Tennessee.

Holmes, T. P. 1988. The offsite impact of soil erosion on the water treatment industry.
Land Economics, 64, 356-366.

62

www.manaraa.com



Hooke, J. M. 1979. An analysis of the processes of river bank erosion. Journal of
Hydrology, 42, 39-62.

Jacobson, R. B., S. R. Femmer & R. A. McKenney. 2001. Land Use Changes and the
Physical Habitat of Streams: A Review with Emphasis on Studies within the U.S.
Geological Survey Federal-State Cooperative Program. Reston, VA: U.S. Geological
Survey Circular.

Johnson, P. A., G. L. Gleason & R. D. Hey 1999. Rapid assessment of channel stability
in vicinity of road crossing. Journal of Hydraulic Engineering, 125, 645-651.

Juracek, K. E. 2006. Sedimentation in Kansas reservoirs. In 23rd Annual Water and the
Future of Kansas Conference. Topeka, KS.

Kaller, M. D. & K. J. Hartman 2004. Evidence of a threshold level of fine sediment
accumulation for altering benthic macroinvertebrate communities. Hydrobiologia, 518,
95-104.

Karr, J. R. & 1. J. Schlosser. 1977. Impact of nearstream vegetation and stream
morphology on water quality and stream biota. In National Environmental Research
Center Ecological Research Series, ed. USEPA. Athens, GA.

Knezovich, J. P., F. L. Harrison & R. G. Wilhelm 1987. The bioavailability of sediment-
sorbed organic chemicals: A review. Water, Air, and Soil Pollution, 32, 233-245.

Lawler, D. M. 1993. The measurement of river bank erosion and lateral channel change:
A review. Earth Surface Processes and Landforms, 18, 777-821.

Lawler, D. M. 1995. The impact of scale on the processes of channel-side sediment
supply: a conceptual model. In Effects of Scale on Interpretation and Management of
Sediment and Water Quality Proceedings. IAHS Pub. 226, 175-184.

Leopold, L. B., W. W. Emmett & R. H. Myrick. 1966. Channel and hillslope processes in
a semi arid area, New Mexico. U.S. Geological Survey Professional Paper no. 352-G.

Little River Railroad and Lumber Company Museum. 2009. Accessed from
http://www.blountweb.com/littleriverrailroad/ October 2009.

Meade, R. H. 1969. Errors in using modern stream-load data to estimate natural rates of
denudation. Geological Society of America Bulletin, 80, 1265-1274.

Midgley, P. 1975. An investigation into the sediment budget of the River Crimple, N.
York. Department of Geography, University of Leeds Working Paper, 110, 22 pp.

63

www.manaraa.com



Morris, C. 2008. The Impact of Soil Texture on Stream Bank Erosion of Tributaries of
the Little River, Tennessee. Unpublished paper.

NRCS. 2007. Soil Survey Geographic (SSURGO) Database for Blount County Area,
Tennessee. U.S. Department of Agriculture. Accessed from
http://soils.usda.gov/survey/geography/ssurgo/ January 2010.

Oschwald, W. R. 1972. Sediment-water interactions. Journal of Environmental Quality,
1, 360-366.

Osterkamp, W. R., P. Heilman & L. J. Lane 1998. Economic considerations of a
continental sediment-monitoring program. International Journal of Sediment Research,
13, 12-24.

Pfankuch, D. J. 1978. Stream Reach Inventory and Channel Stability Evaluation. ed. U.S.
Department of Agriculture, Forest Service Report R1-75-002. Northern Region, MT.

Pidwirny, M. 2006. Erosion and Deposition. In Fundamentals of Physical Geography.
Accessed from http://www.physicalgeography.net/fundamentals/10w.html February
2010.

Pimentel, D., D. Andow, R. Dyson-Hudson, D. Gallahan, S. Jacobson, M. Irish, S.
Kroop, A. Moss, |. Schreiner, M. Shepard, T. Thompson & B. Vinzant. 1980.
Environmental and social costs of pesticides: A preliminary assessment. OIKOS, 34, 126-
140.

Pimentel, D., C. Harvey, P. Resosudarmo, K. Sinclair, D. Kurz, M. McNair, S. Crist, L.
Shpritz, L. Fitton, R. Saffouri & R. Blair. 1995. Environmental and economic costs of
soil erosion and conservation benefits. Science, 267, 1117-1123.

Pizzuto, J. E. 2008. Streambank erosion and river width adjustment. In Sedimentation
Engineering: Processes, Measurements, Modeling, and Practice, ed. M. H. Garcia.
Reston, VA: ASCE.

Platts, W. S., and 12 co-authors. 1987. Methods for evaluating riparian habitats, with
applications to management. U.S. Forest Service General Technical Report INT-221.
Ogden, UT.

Rosgen, D. L. 2001. A practical method of computing streambank erosion rate. In 7th
Federal Interagency Sedimentation Conference. Reno, NV.

SERCC, S. R. C. C. 2009. Monthly Climate Summary, Knoxville Experiment Station,
Tennessee. Accessed from http://www.sercc.com/cgi-bin/sercc/cliMAIN.pl?tn4946
January 2010.

64

www.manaraa.com



Simon, A. 1989. A model of channel response in disturbed alluvial channels. Earth
Surface Processes and Landforms, 12, 11-26.

Simon, A. & A. J. C Collison. 2002. Quantifying the mechanical and hydrologic effects
of riparian vegetation on streambank stability. Earth Surface Processes and Landforms,
27,527-546.

Stone, K. C., P. G. Hunt, S. W. Coffey, T. A. Matheny & USDA. 1995. Water quality
status of a USDA water quality demonstration project in the Eastern Coastal Plain.
Journal of Soil and Water Conservation, 50, 567-572.

Stott, T. 1997. A comparison of stream bank erosion processes on forested and moorland
streams in the Balquhidder Catchments, central Scotland. Earth Surface Processes and
Landforms, 22, 383-399.

Sutherland, S. H. 2004. The Effects of Sediment and Nutrient Loading on Aquatic
Organisms in Nails and Ellejoy Creeks, Blount County, Tennessee. M.S. Thesis,
University of Tennessee.

TDEC. 2000. Tennessee Ecoregion Project 1994-1999. Accessed from
http://www.state.tn.us/environment/wpc/publications/ May 2009.

TDEC. 2006. 305(b) Report: The Status of Water Quality in Tennessee. Accessed from
http://www.state.tn.us/environment/wpc/publications/2006305b.pdf May 2008.

Thorne, C. R. 1978. Processes of bank erosion in river channels. Ph.D. dissertation,
University of East Anglia.

Thorne, C. R. 1981. Field measurements of rates of bank erosion and bank material
strength. In Erosion and Sediment Transport Measurement Proceedings. IAHS
publication no. 133.

Thorne, C. R. & N. K. Tovey (1981) Stability of composite river banks. Earth Surface
Processes and Landforms, 6, 469-484.

TVA. 2003. Blount County and Little River Basin Nonpoint Source Pollution Inventories
and Pollutant Load Estimates. Lenoir City, TN: Tennessee Valley Authority.

Twidale, C. R. 1964. Erosion of an alluvial bank at Birdwood, South Australia.
Zietschrift fur Geomorphologie, 8, 189-211.
USDA. 1959. Blount County Survey. Soil Conservation Service.

65

www.manaraa.com



USEPA. 1990. The Quality of Our Nation’s Water: A Summary of the 1988 National
Water Quality Inventory. Washington, D.C.: U.S. Environmental Protection Agency.

USEPA. 2005a. Total Maximum Daily Loads. Accessed from
http://www.epa.gov/owow/tmdl.html January 2008.

USEPA. 2005b. Project Summaries.Targeted Watersheds Grants Program. Accessed
from http://www.epa.gov/twg/2005/2005projsumm.html#little December 20009.

USEPA. 2009. Targeted Watershed Grants Program. Accessed from
http://www.epa.gov/watershed/initiative September 2009.

USEPA. 2010. Types of streambank shapes. Stream Habitat Walk. Accessed from
http://www.epa.gov/volunteer/stream/vms41.html/ April 2010.

Walling, D. E. 1999. Linking land use, erosion and sediment yields in river basins.
Hydrobiologia, 40, 223-240.

Wang, L., J. Lyons & P. Kanehl. 2002. Effects of watershed best management practices
on habitat and fish in Wisconsin streams. Journal of the American Water Resources
Association, 38, 663-680.

Wang, L., J. Lyons, P. Kanehl & R. Gatti. 1997. Influences of watershed land use on
habitat quality and biotic integrity in Wisconsin streams. Fisheries, 22, 6-12.

Waters, T. F. 1995. Sediment in Streams: Sources, Biological Effects, and Control.
Bethesda, MD: American Fisheries Society, Monograph 7.

Williams, S. 1948. Henry Timberlake Memoirs, 1756-1765. Marietta, Georgia:
Continental Book Co.

Wilson, J. 1902. A Report of the Secretary of Agriculture in Relation to the Forests,
Rivers, and Mountains othe Southern Appalachian Region. Washington, D.C.

Wolman, M. G. 1959. Factors influencing erosion of a cohesive river bank. American
Journal of Science, 257, 204-216.

Wynn, T. M., Henderson, M. B., and Vaughn, D. H. 2008. Changes in streambank
erodibility and critical shear stress due to subaerial processes along a headwater stream,
southwestern Virginia, USA. Geomorphology, 97, 260-273.

Zonge, K. L., S. Swanson & T. Myers 1996. Drought year changes in streambank profiles
on incised streams in the Sierra Nevada Mountains. Geomorphology, 15, 47-56.

66

www.manaraa.com



Appendices

67

www.manharaa.com




Appendix A Soil texture at Little River streambank erosion monitoring sites, from
Morris (2008).

Site

CaC2
CaC2
CaC2
CaC2
CaC2
CaC2
CaC2
CrC1
CrC1
CrC1
CrC1
CrC1
CrC1
CrC3
CrC3
CrC3
CrC3
CrC3
CrC3
CrC3
CrC4
CrC4
CrC4
CrC4
CrC4
CrC4
CrC4
CrC5
CrC5
CrC5
CrC5
CrC5
CrC5
CrC5
EC2

EC2

EC2

EC2

EC2

EC2

EC2

EC2

EC3

EC3

Bank

r—rxxxxoOrrrrx0XxX0xrrrxXxoorr-rxxxaoorrr-xxaoxrrOrrrxxoorrrnr-

Pin #

-

NEFEPPRRWONPPRRONPPRONPONERRONPEPONPONMPPRONMNPONPONRPEPONERODN

Soil Type
sandy loam
sandy clay loam
clay loam
sandy loam
sandy loam
clay loam
clay loam
clay loam
clay loam
clay loam
clay loam
silty clay loam
clay

silty clay

silty clay

clay

clay loam
clay loam
clay loam
clay loam
silty clay loam
clay

clay loam
silty clay loam
silty clay loam
silty clay loam
clay loam
loam

loamy sand
loamy sand
sandy loam
clay loam
clay

loam

clay loam
clay loam
clay loam
clay loam
clay loam
clay loam
clay loam
loam

loamy sand
loamy sand
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Soil Class

Moderately coarse-textured
Moderately fine-textured
Moderately fine-textured
Moderately coarse-textured
Moderately coarse-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Fine-textured
Fine-textured
Fine-textured
Fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Medium-textured
Coarse-textured
Coarse-textured
Moderately coarse-textured
Moderately fine-textured
Fine-textured
Medium-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Medium-textured
Coarse-textured
Coarse-textured
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Appendix A continued.

Site

EC3
EC3
EC3
EC3
EC3
EC5
EC5
EC5
EC5
EC6
EC6
EC6
EC6
EC6
EC6
NC1
NC1
NC3
NC3
NC3
NC3
NC3
NC3
NC3
NC4
NC4
NC4
NC4
NC4
NC4
NC4
PC1
PC1
PC1
PC1
PC1
PC1
PC1
PC2
PC2
PC2
PC2
PC2
PC2
PC2
PC2
PC3

Bank

roxxoxxXxrrrxXxoOrrrrr’xoxxXoxrrrraxorrrrCcxxxxoxxXorrrrrroOrOrOrDxxXxaornr

Pin #

w

P B ONPFPPRONMNPFPODNMNPEPDRRONPPRONMNPONMNPONPEPRONPEPNPODNPONPEPEPRRONMNPEPONE P>

Soil Type
loam

loamy sand
loam

loam

clay loam
clay loam
clay loam
clay loam
clay

clay loam
clay loam
sandy clay loam
clay loam
clay loam
clay loam
silty clay loam
silty clay loam
silty clay loam
clay loam
clay

clay loam
clay loam
clay loam
clay loam
clay loam
sandy loam
clay loam
sandy clay loam
loamy sand
sand

sand

clay

clay loam
clay

silty clay

silty clay loam
silty clay

clay

clay

clay

clay

clay loam
clay

silty clay

clay

clay

clay loam
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Soil Class
Medium-textured
Coarse-textured
Medium-textured
Medium-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured
Moderately fine-textured

Moderately coarse-textured

Moderately fine-textured
Moderately fine-textured
Coarse-textured
Coarse-textured
Coarse-textured
Fine-textured
Moderately fine-textured
Fine-textured
Fine-textured
Moderately fine-textured
Fine-textured
Fine-textured
Fine-textured
Fine-textured
Fine-textured
Moderately fine-textured
Fine-textured
Fine-textured
Fine-textured
Fine-textured
Moderately fine-textured
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Appendix A continued.

Site Bank Pin#  Soail Type Soil Class

PC3 L 2 sandy clay loam Moderately fine-textured
PC3 L 3 clay loam Moderately fine-textured
PC3 R 1 clay loam Moderately fine-textured
PC3 R 2 clay loam Moderately fine-textured
PC3 R 3 clay Fine-textured

PC3 R 4 clay Fine-textured

PC6 L 1 clay loam Moderately fine-textured
PC6 L 2 clay loam Moderately fine-textured
PC6 L 3 clay loam Moderately fine-textured
PC6 R 1 clay loam Moderately fine-textured
PC6 R 2 sandy clay loam Moderately fine-textured
PC6 R 3 clay loam Moderately fine-textured
PC6 R 4 sandy loam Moderately coarse-textured
PC7 L 1 clay Fine-textured

PC7 L 2 clay loam Moderately fine-textured
PC7 L 3 clay Fine-textured

PC7 L 4 clay Fine-textured

PC7 R 1 clay loam Moderately fine-textured
PC7 R 2 sandy clay loam Moderately fine-textured
PC7 R 3 clay loam Moderately fine-textured
PC7 R 4 sandy loam Moderately coarse-textured
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Appendix B Erosion-pin exposure after two years. Modified from Harden et al. (2009).

Monitoring Site Pin #1 Pin #2 Pin #3 Pin #4

CaC2 right® 2.1 8 1.2 No Pin
CaC2 left 6.8 6.0 18.6 25.0
CrC1 right 3.4 1.1 1.4 1.4
CrC1 left 2.8 -1.0 -5.0 No Pin
CrC3 right 3.2 2.8 3.3 5.5
CrC3 left 2.9 0.4 1.2 5.2
CrC4 right 5.8 0.8 4.4 11.8
CrC4 left 10.0 -5.0 0.8 -5.0
CrC5 right® 25.0 5.2 30.0 15.7
CrcC5 left 0.8 15 -5.0 -5.0
EC2 right 3.8 2.0 6.3 10.0
EC2 left 3.1 8.2 9.4 12.8
EC3 right 3.1 4.7 -5.0 -5.0
EC3 left 2.1 1.2 0.7 -5.0
EC5 left’ 2.3 8.6 15.7 9.8
EC6 right 2.4 2.9 2.8 10.0
EC6 left 3.0 3.3 2.2 Lost®
NC1 right® 3.0 2.0 5.3 No Pin
NCS3 right 1.8 2.6 -7.0 -5.0
NC3 left 5.3 3.0 3.4 -5.0
NC4 right 1.7 15 -2.0 Lost°
NC4 left 2.7 4.7 2.6 No Pin
PC1 right 2.1 35 5.6 4.2
PC1 left 2.4 5.0 7.2 4.0
PC2 right” 11.8 15.5 5.0 -5.0
PC2 left 10.4 12.2 8.6 3.3
PC3 right 1.8 1.3 3.6 10.0
PC3 left 1.4 15 0.8 No Pin
PC6 right 2.7 2.0 3.1 4.6
PC6 left 2.2 2.8 2.4 3.8
PC7 right 45 3.9 5.7 5.7
PC7 left 3 2.9 35 7.3
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Appendix C Streambank angles measured at erosion pins.

Erosion Pin Bank Angle Pin Exposure
CaC2R1 56 2.1
CaC2R2 84 8
CaC2R3 32 1.2
CaC2L1 43 6.8
CaC2L2 95 8
CaC2L3 85 18.6
CaC2L4 95 20
CrC1R1 34 3.4
CrC1R2 45 1.1
CrC1R3 59 1.4
CrC1R4 10 1.4
CrC1L1 45 2.8
CrC1L2 43 -1
CrCi1L3 38 -5
CrC3R1 45 3.2
CrC3R2 54 2.8
CrC3R3 48 3.3
CrC3L1 27 2.9
CrC3L2 46 0.4
CrC3L3 44 1.2
CrC3L4 14 5.2
CrC4R1 52 5.8
CrC4R2 56 0.8
CrC4R3 74 4.4
CrC4R4 30 11.8
CrC4L1 95 10
CrC4L2 41 -5
CrC4L3 23 0.8
CrC5R1 59 20
CrC5R2 64 5.2
CrC5R3 56 26.1
CrC5R4 29 15.7
CrC5L1 39 0.8
CrC5L2 50 15
CrC5L3 36 -5
EC2R1 50 3.8
EC2R2 68 2
EC2R3 66 6.3
EC2L1 38 3.1
EC2L2 63 8.2
EC2L3 95 9.4
EC2L4 95 12.8
EC3R1 40 3.1
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Appendix C continued.

Erosion Pin Bank Angle Pin Exposure
EC3R2 90 4.7
EC3R3 95 -5
EC3R4 95 -5
EC3L1 32 2.1
EC3L2 44 1.2
EC3L3 44 0.7
EC5L1 95 2.3
EC5L2 56 8.6
EC5L3 95 15.7
EC5L4 95 9.8
EC6R1 22 2.4
EC6R2 34 2.9
EC6R3 95 2.8
EC6L1 58 3
EC6L2 38 3.3
EC6L3 68 2.2
NC1R1 95 3
NC1R2 54 2
NC1R3 95 53
NC3R1 41 1.8
NC3R2 95 2.6
NC3R3 41 -5
NC3R4 14 -5
NC3L1 48 53
NC3L2 61 3
NC3L3 47 3.4
NC3L4 12 -5
NC4R1 28 1.7
NC4R2 29 15
NC4R3 46 -2
NC4L1 50 2.7
NC4L2 95 4.7
NC4L3 87 2.6
PC1R1 47 2.1
PC1R2 21 35
PC1R3 39 5.6
PC1R4 16 4.2
PC1L1 56 2.4
PC1L2 60 5
PC1L3 73 7.2
PC1L4 36 4
PC2R1 68 11.8
PC2R2 50 15.5
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Appendix C continued.

Erosion Pin Bank Angle Pin Exposure
PC2R3 25 5
PC2L1 95 10.4
PC2L2 58 12.2
PC2L3 64 18.6
PC2L4 14 3.3
PC3R1 30 1.8
PC3R2 52 1.3
PC3R3 95 3.6
PC3L1 82 1.4
PC3L2 95 15
PC3L3 36 0.8
PC6R1 32 2.7
PC6R2 71 2
PC6R3 74 3.1
PC6R4 95 4.6
PC6L1 65 2.2
PC6L2 95 2.8
PC6L3 75 2.4
PC6L4 43 3.8
PC7R1 20 4.5
PC7R2 19 3.9
PC7R3 14 5.7
PC7R4 95 5.7
PC7L1 25 3
PC7L2 34 2.9
PC7L3 44 35
PC7L4 69 7.3

Erosion pins are named by subwatershed (PC), monitoring site (7), left or right bank (L),
and pin position (1). Bank angles are in degrees. Pin exposure is reported as cumulative
measurements after two years of monitoring.
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Appendix D Streambank profiles of erosion-pin monitoring sites. The vertical axes
represent vertical distance (m) starting at 0.1 m above the water level (at the time of
profiling) and extending to what was determined to be the break at the top of the bank.
The horizontal axes represent the distance (m) from the stadia rod to the bank. Profiles of
the right bank (RB) are viewed in the downstream direction, while profiles of the left
bank are viewed in the upstream direction.
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Appendix D continued.
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Appendix D continued.
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Appendix D continued.
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Appendix E Data used to create streambank profiles. The data represent horizontal
distance (m) from the stadia rod to the bank. The data are organized from the top to the
bottom of the bank. There was 0.1 m vertical distance between each horizontal data point.

CaC2_RB1 CaC2_RB2 CaC2_RB3 CaC2_RB4 CaC2_RB5

4.29 1.79 1.23 3.11 3.28
4.22 1.74 1.19 2.93 2.92
4.17 1.76 1.16 2.69 2.84
4.12 17 1.05 2.66 2.71
3.96 1.77 1.12 2.66 2.7
3.89 1.74 1.1 2.62 2.64
3.83 1.84 117 2.6 2.59
3.63 1.95 1.19 2.68 2.52
3.59 1.78 1.18 3.02 2.35
3.35 1.67 1.02 2.87 2.26
3.25 157 0.95 2.8 1.79
CaC2_LB1 CaC2_LB? CaC2_LB3 CaC2_LB4 CaC2_LB5
257 2.19 2.32 158 231
2.34 1.97 2.21 1.56 2.13
23 1.82 2.19 1.46 2
2.18 1.77 2.16 1.34 1.85
2.03 1.65 2.05 1.16 17
1.91 1.62 1.98 1.02 1.55
1.8 1.54 2.01 0.86 1.46
1.69 157 2.08 0.78 1.39
1.73 152 2.03 0.48 131
15 2.03 1.04
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Appendix E continued.

CrC1_RB1 CrC1 RB2 CrCl1 RB3 CrCl1 RB4 CrCl RB5
1.48 2.3 1.24 0.98 1.37
1.22 2.16 1.25 0.99 1.3
1.15 1.99 1.1 0.99 1.15
1.06 1.98 1.02 1.14 1.21
0.95 1.81 0.93 0.95 1.9
0.94 1.69 0.9 0.68 1.85
0.9 1.54 0.85 0.69 1.7
0.88 1.45 0.79 0.65 1.66
0.8 1.22 0.8 0.57 1.49
0.75 1.11 0.81 05 1.29
0.7 1.04 0.91 0.44 1.16
0.95 0.88 05 1.02
0.85 0.81 0.48 0.9
0.76 0.53 0.75
0.66 0.48 0.68
0.72 0.46 0.62
0.67 0.43 0.58
0.57 0.56
0.53
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Appendix E continued.

CrCL LBl CrCl LB2 CrClLLB3 CrCl LB4 CrCl LB5

134 3.36 2.83 3.02 154
117 3.05 2.55 2.66 1.46
1.08 2.94 2.43 2.55 1.26
1.01 2.74 2.24 2.33 1.22
0.96 2.62 2.15 2.23 1.22
0.84 2.52 2.08 2.21 1.16
0.75 2.39 1.96 2.07 1.15
0.69 2.25 1.85 1.84 1.15
0.58 2.14 1.72 1.73 1.15
0.55 1.99 1.65 1.67 1.1
0.49 1.8 1.62 15 0.95
0.37 17 152 1.43 0.1

1.6 1.41 1.32 0.82

1.54 1.36 1.18 0.74

1.42 1.23 1.09 0.68

1.22 1.08 1.01 0.59

0.97 0.92 0.85 0.54

0.79 0.8 0.74 0.47

0.63 0.67 0.64

0.43 0.51 0.54

0.39 0.38
0.24
CrC3 RB1 CrC3 RB2 CrC3 RB3  CrC3 RB4 CrC3_RB5
1.28 1.39 1.56 121 2.68
1.32 1.44 157 1.12 2.2
1.18 1.28 151 1.08 1.92
117 1.22 1.44 1.06 1.61
1.1 1.16 14 1 1.35
1.02 1.08 137 0.93 1.19
0.95 1.05 1.24 0.86 1.1
0.9 1.02 117 0.78 0.98
0.82 0.86 1.08 0.7 0.93
0.7 0.76 0.98 0.61 0.83
0.56 0.62 0.9 0.59 0.72
0.41 0.81 0.54 0.55
0.74 0.44
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Appendix E continued.

CrC3 LBl CrC3 LB2 CrC3 LB3 CrC3 LB4 CrC3_LB5
1.26 1.91 1.88 1.39 071
1.28 1.88 1.72 1.29 0.64
1.27 2.1 167 1.27 0.65
121 2.12 161 1.26 0.81
117 2.1 1.56 1.23 0.77
1.05 2.08 1.43 1.15 0.74
1.1 2.02 1.38 1.05 0.72
1.05 2.01 1.22 1.02 0.64
0.97 1.98 1 0.94 0.56
0.86 1.97 0.89 0.85 0.53
0.79 1.99 0.73 0.79

0.69 2.14 0.55 071

0.61 0.58

CrC4 RB1 CrC4 RB2 CrC4 RB3 CrC4 RB4  CrC4 RB5

1.13 1.09 2.29 1.14 1.38
1.03 1.06 2.25 1.08 1.33
0.99 1.04 2.22 0.95 1.29
0.9 1.05 2.1 0.86 1.23
0.83 1.16 2.06 0.79 1.13
0.77 1.18 1.97 0.71 111
0.75 111 1.94 0.65 1.02
0.72 1.15 1.9 0.61 0.95
0.6 1.14 1 0.56 0.92
0.43 1.09 0.91
0.98 0.9

CrC4 LBl CrC4 LB2 CrC4 LB3 CrC4 LB4 CrC4 LB5

0.99 1.42 0.98 1.17 1.38
0.88 1.25 0.95 1.26 1.23
0.96 1.18 0.83 1.24 1.25
1.04 1.13 0.77 121 1.26
1.03 1.15 0.69 1.16 121
1.01 1.15 0.63 1.12 1.13
0.94 1.08 0.6 1.05 1.01
0.95 0.99 0.52 0.95 0.86
0.81 0.87 0.47 0.89 0.61
0.63 0.75 0.42 0.82 0.5
0.42 0.75
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Appendix E continued.

CrC5 RB1 CrC5 RB2 CrC5 RB3  CrC5 RB4  CrC5 RB5

1.45 0.84 1.05 1.4 0.8
131 0.76 1 1.41 0.75
1.26 0.67 0.83 1.43 0.79
1.15 0.59 0.8 1.4 0.79
1.02 0.57 0.74 1.35 0.73
0.91 0.57 0.7 1.29 0.67
0.85 0.56 0.63 1.14 0.62
0.76 0.5 0.6 1.03 0.58
0.68 0.47 0.55 0.9 0.51
0.6 0.45 0.48 0.73 0.46
0.55 0.3 0.46 0.63 0.41
0.41 0.45 0.39
0.29 0.36

CrC5 LB1  CrC5 LB2 CrC5 LB3 CrC5 LB4  CrC5 LB5

0.62 1.07 1.66 1.85 1.94
0.57 0.94 1.55 1.7 1.8
0.54 0.88 1.49 1.57 1.68
0.49 0.75 1.43 1.49 1.59
0.48 0.64 1.39 1.49 1.53
0.52 0.5 1.35 1.41 1.49
0.53 0.45 1.28 1.34 1.46
0.51 0.39 1.27 1.34 1.39
0.44 0.36 1.24 1.32 13
0.46 0.33 1.26 1.33 1.23
0.39 0.32 1.27 1.25 111
0.35 0.33 13

0.38 0.36

0.41

83

www.manharaa.com




Appendix E continued.

EC2 RB1  EC2 RB2 EC2_RB3 EC2_RB4 EC2_RB5

2.22 2.99 1.59 2.84 3.31
2.12 2.33 1.47 2.19 2.61
2.08 1.66 131 1.99 2.56
2.04 1.54 1.25 1.94 2.54
1.99 151 121 1.92 2.41
1.93 1.42 1.13 1.9 2.36
191 1.37 1.09 1.8 2.35
1.86 131 1.07 1.66 2.35
1.65 1.19 1.01 1.66 2.32
1.59 0.99 1.56

1.36 0.96 151

1.2 0.96 1.34

0.99

EC2 LB1 EC2 LB2 EC2 LB3 EC2 LB4 EC2 LB5

2.51 2.65 1.44 1.97 2.24
2.34 2.2 1.27 1.93 2.09
2.28 2 1.21 1.8 1.86
2.14 1.93 1.16 1.77 1.82
2.05 1.81 1.18 1.67 1.72
2.02 1.76 1.16 1.62 1.68
1.93 1.72 1.15 1.58 1.6
1.89 1.72 1.24 1.47 1.56
1.73 1.66 1.23 14 1.53
1.7 1.58 1.26 1.34 1.45
1.68 1.52 0.94 131 1.48
1.58 1.39 1.49
1.42 1.25 1.43
1.27
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Appendix E continued.

EC3_RB1 EC3 RB2  EC3 RB3 EC3 RB4  EC3 RB5

2.05 1.97 3.82 3.28 2.9
1.92 1.81 3.72 3.34 2.78
1.78 1.72 3.69 3.29 2.71
1.67 1.69 3.66 3.2 2.62
1.55 1.64 3.63 3.1 2.52
1.57 1.62 3.57 3.07 2.37
1.57 1.56 3.5 3.02 2.27
1.58 1.53 3.46 3.92 2.21
1.52 151 3.38 2.9 2.02
3.3 2.85 1.88
3.29 2.73 1.83

EC3_LB1 EC3_LB2 EC3_LB3 EC3 LB4  EC3 LB5

3.24 3.12 3.62 4.36 3.34
3.16 3.03 3.3 4.02 3.13
2.88 2.86 3.24 3.78 2.94
2.88 2.71 3.08 3.54 2.62
2.77 2.56 2.88 2.58 2.34
2.59 2.52 2.73 2.39 2.12
2.56 2.33 2.53 1.58 2.12
2.46 2.27 2.46 1.38 2.15
2.44 2.23 2.38 1.27 2.13
2.32 1.96 2.34 2.05

1.85 2.21 2.01

2.16
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Appendix E continued.

EC5 LBl  EC5 LB2  EC5 LB3  EC5 LB4  EC5 LB5

3.98 3.44 2.74 3.28 2.62
3.99 3.69 2.95 3.23 2.63
4 3.68 2.89 3.21 2.62
3.98 3.65 2.85 3.06 2.5
3.89 3.59 2.69 2.92 2.36
3.81 3.56 2.62 291 2.29
3.72 3.47 2.46 2.83 2.21
3.65 3.39 2.35 2.78 2.18
3.6 3.32 2.33 2.76 2.07
3.6 3.27 2.34 2.68 2.05
3.51 3.18 2.32 2.53 2
3.47 3.08 2.25 2.34 1.9
3.4 3.01 2.21 2.32 1.88
3.37 2.87 2.18 2.26 1.82
3.24 2.74 2.11 2.2 1.7
3.21 1.63
3.23 1.57
3.16

EC6_RB1 EC6_RB2 EC6_RB3 EC6 RB4  EC6_RB5

1.27 2.85 2.55 3.36 4.5
1.2 2.75 2.39 3.28 4.3
1.15 2.63 2.18 3.17 4.22
111 2.56 2 2.97 4.01
1.03 2.62 1.84 2.87 3.79
0.95 2.65 1.77 2.71 3.7
0.89 2.67 1.7 2.62 3.52
0.89 2.65 1.61 2.35 3.49
0.89 2.66 1.47 2.12 3.48
0.86 2.68 13 1.85 3.45
0.8 2.63 111 1.74 3.43
0.84 0.95 1.63

0.8 1.62
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Appendix E continued.

EC6_LB1 EC6_LB2 EC6_LB3 EC6_LB4 EC6_LB5

1.14 2.37 2.2 4.87 5.54
111 2.23 2.21 4.78 5.43
1.06 2.14 2.12 4.58 5.32
1 2.03 2.03 4.47 5.12
0.97 1.98 1.9 4.32 4.89
0.89 1.89 1.8 4.2 4.76
0.77 1.67 1.65 4.06 4.69
0.7 1.59 1.59 3.97 4.64
0.63 1.48 1.49 3.92 4.43
0.57 1.38 1.39 3.86 4.38
0.42 1.28 1.15 4.38

1.19 1.03

0.95 0.95

NCL RBL NCI1 RB2 NC1 RB3  NC1 RB4 NC1 RB5

2.73 2.48 4.25 3.61 2.18
2.68 2.09 4.14 3.43 2.01
2.64 1.85 3.98 3.25 1.98
2.74 1.72 3.92 3.04 1.85
2.71 1.7 3.78 2.98 1.82
2.73 1.62 3.6 2.77 1.73
2.77 1.61 3.21 2.58 1.74
2.73 1.56 2.52 2.36 1.66
2.73 1.56 2.27 2.12 1.61
2.63 1.47 2.19 1.85 1.63
2.63 1.38 2.13 1.69 1.56
2.6 1.22 2.09 1.56 1.62
2.55 11 2.07 1.53 1.6
2.47 0.79 211 151 1.55
2.36 0.77 2.12 1.59 1.48
2.34 1.05 2.24 1.65 1.42
2.33 0.93 2.38 1.65 1.42
2.42 2.39 1.66

2.42 2.39

2.44
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Appendix E continued.

NC3 RBL NC3 RB2 NC3 RB3  NC3 RB4 NC3_RB5
1.99 1.34 1.05 1.42 1.64
1.67 1.09 1 1.38 1.36
1.42 0.93 0.95 1.32 1.21
1.36 0.84 0.88 1.29 1.19
1.21 0.75 0.81 1.18 1.07
1.02 0.75 0.88 1.14 0.99
0.87 0.72 0.83 1.1 1
0.75 0.69 0.77 1.08 1.01
0.55 0.66 0.76 0.95 1.01
0.45 0.73 0.76 0.89 0.85
0.34 0.76 0.73 0.77
0.68 0.72 0.55
0.61 0.69 0.19
0.69
0.54
NC3 LBl NC3_LB2 NC3 LB3  NC3 LB4 NC3 LB5
1.52 1.17 2.45 131 0.99
1.32 1.1 2.43 1.26 0.95
1.24 1.06 2.35 1.18 0.87
1.17 0.96 2.28 1.15 0.82
1.1 0.88 2.26 1.09 0.69
1.07 0.86 2.13 1.03 0.66
0.98 0.82 2.12 0.94 0.68
0.96 0.76 2.09 0.89 0.64
0.92 0.7 1.94 0.86 0.65
0.88 0.68 1.93 0.69 0.62
0.9 0.57 1.72 0.67 0.53
0.84 0.54 1.53 0.63 0.44
0.77 0.52 1.12 0.4
0.46 0.46
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Appendix E continued.

NC4 RB1 NC4 RB2 NC4 RB3 NC4 RB4 NC4 RB5
3.49 3.86 36 3 2.8
3.22 3.55 3.36 2.39 2.64
2.84 3.31 3.12 2.04 25
2.59 3.12 2.9 1.92 2.31
2.16 2.67 2.61 1.79 2.26
1.79 2.55 2.49 1.62 2.04
1.45 2.46 2.27 15 1.9
1.37 2.33 2.16 1.35 1.8
1.2 2.26 1.97 1.21 1.72
1.02 2.17 1.85 1.11 1.62
0.84 2.03 1.71 1.02 1.48
0.59 1.04 1.46 0.85 1.35
0.66 0.47 1.03
NC4 _LB1 NC4 LB2 NC4 LB3  NC4 LB4  NC4 LB5
1.38 1.27 1.24 1.75 1.93
1.1 1.12 1.06 1.58 1.73
0.93 0.92 0.84 1.44 1.57
0.87 0.85 0.71 1.29 1.38
0.76 0.83 0.66 1.22 1.22
0.75 0.82 0.69 1.1 1.1
0.72 0.76 0.72 1.06 0.86
0.73 0.7 0.68 0.94 0.71
0.67 0.64 0.71 0.89 0.62
0.59 0.6 0.81 0.77 0.54
0.6 0.71 0.76 0.71 05
0.53 0.72 0.7 0.68 0.48
0.49 0.73 0.77 0.41
0.54
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Appendix E continued.

PCL RB1  PCl RB2 PCL RB3  PC1 RB4  PCl RB5
231 2.02 2.08 173 1.84
2.08 1.87 1.99 1.67 1.69
2.05 1.76 1.94 1.61 1.62
1.95 17 1.84 1.61 1.58
1.88 1.63 1.79 1.53 1.53
1.79 1.54 17 151 14
1.72 1.43 16 1.44 1.26
1.67 1.36 1.53 1.39 1.2
1.56 1.18 1.46 1.36 1.04
1.45 1.09 131 1.22 0.91
1.35 0.92 1.26 1.07 0.83
1.25 0.76 1.13 0.96 0.66
1.1 0.67 0.95 0.83 0.58
0.9 0.52 0.66 0.63 0.46
0.72 0.48 0.37
PCL LBl  PCl LB2 PCLLB3 PCl1 LB4 PCl LB5
2.09 4.2 2.86 2.35 3.05
1.69 3.73 1.83 2.09 273
14 3.09 1.54 1.93 253
1.29 2.7 1.42 1.69 2.25
1.14 2.48 1.28 1.38 2.18
1.09 2.36 1.06 1.19 1.98
0.99 1.96 0.91 1.08 1.84
0.93 1.39 0.77 0.94 1.69
0.87 0.71 0.72 0.79 1.56
0.77 0.61 0.61 0.61 1.37
0.68 0.56 0.55 0.56 1.21
0.64 05 0.55 0.47 0.88
0.6 0.58 0.34 0.55
0.57 0.34
90

www.manharaa.com



Appendix E continued.

PC2 RB1  PC2 RB2 PC2 RB3  PC2 RB4  PC2 RB5
1.99 1.59 18 1.45 0.72
171 1.41 1.65 1.32 0.76
1.65 1.27 1.57 1.21 0.76
1.52 1.02 151 1.14 0.73
1.4 0.93 1.42 1.07 0.74
1.32 0.86 1.42 0.99 0.72
1.22 0.8 1.36 0.98 0.67
1.18 0.76 1.25 0.88 0.61
1.19 0.72 1.17 0.8 0.56
1.14 0.68 1.1 0.75 0.45
1.04 0.54 0.92 0.68 0.41
0.87 0.49 0.75 0.6
0.72 0.44 0.56 0.44
0.28
PC2 LBl  PC2 LB2 PC2 LB3 PC2 LB4 PC2 LB5
1.32 0.84 1.79 3.48 2.76
1.26 0.8 1.39 2.79 251
1.05 0.84 1.21 2.45 2.19
0.91 0.83 1.13 2.09 2.06
0.85 0.8 0.96 1.89 1.89
0.81 0.72 0.77 1.84 1.84
0.8 0.63 0.75 1.78 1.82
0.71 0.6 0.66 1.72 18
0.69 0.55 0.62 1.62 1.81
0.69 0.48 0.7 1.54 1.74
0.66 0.44 0.69 1.45 1.59
0.61 0.38 0.51 1.35 1.28
0.56 0.33 0.36 1.03 0.99
0.56 0.29 0.57 0.27
0.36
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Appendix E continued.

PC3 RB1  PC3 RB2 PC3 RB3  PC3 RB4  PC3 RB5
1.78 4.41 453 2.89 0.58
1.62 3.95 4.39 231 0.54
1.39 3.3 4.41 1.77 0.68
1.28 1.39 3.4 1.4 0.67
1.2 1.15 0.97 0.96 0.69
0.96 0.95 0.76 0.79 0.69
0.88 0.76 0.69 0.64 0.67
0.76 0.65 0.57 0.53 0.67
0.74 0.59 0.49 0.46
0.7 0.52 0.47 0.46
0.85 0.44 0.45
0.41 0.53
0.45
PC3 LBl  PC3 LB2 PC3 LB3 PC3 LB4 PC3 LB5
171 1.34 1.22 1.77 1.12
1.56 1.22 111 1.66 1.17
1.52 1.08 1.02 1.62 1.14
15 0.98 0.97 1.54 1.12
1.44 0.91 0.92 1.34 1.12
1.44 0.82 0.74 1.22 1.09
1.36 0.73 0.66 1.13 1.05
1.37 0.67 0.57 1.04 1.05
1.17 0.69 0.54 0.91 1
1.02 0.69 0.52 0.81 0.95
0.64 0.6 0.75 0.85
0.6 0.72
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Appendix E continued.

PC6 RB1  PC6 RB2  PC6_RB3 PC6 RB4  PC6_RB5
13 1.1 0.91 0.8 0.76
1.04 1 0.76 0.7 0.65
1.01 0.95 0.71 0.63 0.6
0.99 0.78 0.64 0.59 0.58
0.97 0.7 0.6 0.59 0.57
0.98 0.65 0.54 0.57 0.57
0.86 0.65 0.48 0.55 0.48
0.78 0.59 0.49 0.44 0.43
0.69 0.34
PC6 LBl  PC6 LB2  PC6 LB3 PC6 LB4  PC6_LB5
0.93 0.74 0.62 12 0.89
0.78 0.66 0.59 1.1 0.76
0.66 0.61 0.55 0.93 0.62
0.57 0.56 05 0.76 0.53
0.54 0.59 0.51 0.63 0.49
0.45 0.63 0.45 0.54 0.44
0.44 0.66 0.4 0.47 0.36
0.4 0.67 0.37 0.43 0.32
0.36 0.34
PC7 RBI PC7 RB2  PC7 RB3 PC7 RB4  PC7 RB5
4.48 3.75 4.18 4.11 1.73
4.28 3.49 3.78 3.77 1.53
4.14 3.35 3.4 3.65 1.39
3.94 3.27 3.24 3.52 131
3.68 3.05 3.03 3.26 1.16
3.15 2.63 3.03 3.13 1.06
257 2.38 2.81 2.81 0.93
2.02 2.33 2.62 2.41 0.89
17 1.84 2.09 1.46 0.83
1.14 1.38 1.66 0.97
1.04 1.03 1.26 0.63
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Appendix E continued.

PC7 LB1  PC7_LB2  PC7_LB3 PC7 LB4  PC7 _LB5
1.86 1.75 1.56 1.7 2.14
1.73 1.4 1.4 151 1.86
1.64 1.14 1.18 1.4 1.64
1.45 0.99 1.01 1.36 1.45
1.16 0.9 0.94 1.22 1.13
1 0.76 0.77 1.03 0.83
0.97 0.64 0.66 0.87 0.69
0.94 0.58 0.52 0.71 0.69
0.68 05 0.47 0.54

0.59 0.42 0.4

0.68 0.37
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his time exploring the forests and streams of rural Anderson County. It was during this
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the opportunity to contribute to a wide array of research projects in differing disciplines.
But, through his fieldwork in the Little River watershed, he was able to watch study sites
change over time, during the ups and downs of wet and dry years. After repeated visits to
the field, and one worn-out pair of waders later, Ryan truly began to recognize the
dynamic nature of these systems. In August of 2010, he was awarded a Master of Science
degree in Geography from the University of Tennessee, Knoxville. Ryan hopes to have a
career where he can utilize his past experiences and develop new skills and interests. For
Ryan, true enjoyment comes from his interactions with the natural world. If he can make
a living by understanding and contributing to ecosystem health and functionality, then he
will consider his life well lived.
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