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Abstract 

 

 

In the field of stream restoration, use of a one-dimensional flow model with typical 

Manning’s n values for an open channel greatly over-predicts bed shear values. This, in 

turn, incorrectly predicts the size of the mobile fraction on the bed and if used in a bed-

load transport function over-predicts mass movement of the bed material. This study 

identified 12 sites for which watershed and reach characteristics were compiled, and bed-

load sampling was performed. This information was used to produce an empirical 

relationship between reach pebble count data and an effective Manning’s n value that can 

be used to produce accurate bed-shear values in a one-dimensional flow model. With this 

tool, simple field activities can provide sufficient information to allow a stream 

restoration practitioner to accurately predict bed shear values. Relationships between 

watershed characteristics and reach scale bed characteristics, and bed depositional 

patchiness and sediment supply were also explored. It was found that Wolman Pebble 

Count data can be used to predict an effective Manning’s n value with sufficient 

accuracy, while watershed characteristics were not adequate to predict reach scale bed 

characteristics and bed depositional patchiness was valuable as a threshold indicator but 

not as a predictive variable.  

 

 

 

 



 iii 

Acknowledgments 

 

I would like to thank Dr. John Schwartz, my advisor, for his advice and support 

throughout this process. From the idea for the study, to writing a grant to fund it, to the 

completion of the thesis, his patience and willingness to answer innumerable questions 

made it all possible. Thanks also are due to my additional committee members, Dr. Glen 

Tootle and Dr. Randall Gentry for taking time from their schedules to read and comment 

on this thesis. Ken Barry and S&ME, Inc. made this project possible through a Business 

Growth initiative grant from their corporate office. Ken’s interest in exploring new 

practical and empirical methods to improve the practice of stream restoration got this 

project off the ground. Thanks to Laura DeVilbiss, the primary field and lab assistant on 

this project put in countless, thankless hours helping gather and process data. Other 

fellow students, including Keil Neff and Daniel Johnson provided valuable advice from 

their experiences with similar projects. Larry Roberts and Ken Thomas in the Civil and 

Environmental Machine Shop were invaluable in acquiring materials and fabricating 

equipment for this project. My former co-workers at Knox County Stormwater 

Engineering, Andrew Dodson and Michael Hamrick provided assistance with GIS 

questions and initial field work. Enormous thanks to my parents, who filled in the gaps 

financially and with moral support, and without whom I wouldn’t have made it to this 

point.  



 iv 

Table of Contents 

 

 

Abstract ............................................................................................................................... ii 

Acknowledgments.............................................................................................................. iii 

Table of Contents ............................................................................................................... iv 

List of Tables ...................................................................................................................... v 

List of Figures .................................................................................................................... vi 

List of Symbols ................................................................................................................. vii 

Chapter 1: Introduction ....................................................................................................... 1 

Chapter 2: Methods ............................................................................................................. 5 

2.1 Study Design ............................................................................................................. 5 

2.2 Study Area ................................................................................................................ 6 

2.3 Field Measurements and Sampling Activities .......................................................... 7 

2.3.1 Site Setup and Bed Material Classification ....................................................... 7 

2.3.2 Bed-load Sampling Method ............................................................................... 8 

2.3.3 Bed-load Sample Processing.............................................................................. 9 

2.3.4 Water Surface Measurement at Peak Flow Stage ............................................ 10 

2.4 Geographic Information System Analysis. ............................................................. 10 

2.4.1 Data Collection ................................................................................................ 10 

2.4.2 GIS Data Processing ........................................................................................ 11 

2.5 Geomorphic Channel Survey Data ......................................................................... 11 

2.6 HEC-RAS Modeling ............................................................................................... 12 

2.7 Determination of Critical Shear Values .................................................................. 12 

2.8 Study Analysis ........................................................................................................ 13 

Chapter 3: Results ............................................................................................................. 16 

3.1 Watershed Characteristics and Reach-Scale Bed Characteristics ........................... 16 

3.2 Development of an Empirical Model for n* ............................................................ 21 

3.3 Reach Scale Bed Deposition Patchiness as a Predictive Concept .......................... 22 

Chapter 4: Discussion ....................................................................................................... 25 

4.1 Watershed Characteristics and Reach Scale Bed Characteristics ........................... 25 

4.2 Development of an Empirical Model for n* ............................................................ 26 

4.3 Reach Scale Bed Deposition Patchiness as a Predictive Concept .......................... 28 

4.4 Applications to Stream Restoration ........................................................................ 28 

List of References ............................................................................................................. 30 

Appendices ........................................................................................................................ 37 

Appendix A: Literature Review .................................................................................... 38 

Appendix B: Site Cross-Sections .................................................................................. 50 

Appendix C: Site Pebble Counts................................................................................... 63 

Appendix D: Bed-load Sample P.S.D.’s ....................................................................... 76 

Appendix E: Crest Stage Gage and Bed-load Trap Construction/Performance ........... 91 

Appendix F: GIS Procedures and Site Watershed Maps .............................................. 96 

Appendix G: Scatterplot Matrices .............................................................................. 112 

Vita .................................................................................................................................. 116 



 v 

 

List of Tables 

 

 

Table 1: Watershed Datasets Acquired from USGS Seamless Site .................................. 11 

Table 2: Results Summary ................................................................................................ 17 

Table 3: Bed-load Sample Kendall τ Correlations ............................................................ 18 

Table 4: Pebble Count Kendall τ Correlations .................................................................. 19 

Table 5: Beaver Creek Pebble Count ................................................................................ 64 

Table 6:  Cox Creek Pebble Count ................................................................................... 65 

Table 7: First Creek Pebble Count .................................................................................... 66 

Table 8: Hines Branch Pebble Count ................................................................................ 67 

Table 9: Knob Fork Pebble Count .................................................................................... 68 

Table 10: Lammie Branch Pebble Count .......................................................................... 69 

Table 11: Meadow Branch Pebble Count ......................................................................... 70 

Table 12: Mill Branch Pebble Count ................................................................................ 71 

Table 13: Plumb Creek Pebble Count ............................................................................... 72 

Table 14: Suckstone Creek Pebble Count ......................................................................... 73 

Table 15: Third Creek Pebble Count ................................................................................ 74 

Table 16: Willow Fork Pebble Count ............................................................................... 75 

Table 17: Maximum Sampled Particle Size Summary ..................................................... 77 

Table 18: 3rd Creek Sample 11/14/2008 .......................................................................... 78 

Table 19: 3rd Creek Sample 12/10/2008 .......................................................................... 79 

Table 20: 3rd Creek Sample 1/7/2009 .............................................................................. 80 

Table 21: Beaver Creek Sample 12/10/2009 .................................................................... 81 

Table 22: Beaver Creek Sample 1/7/2009 ........................................................................ 82 

Table 23: Willow Fork Sample 12/10/2008...................................................................... 83 

Table 24: Willow Fork Sample 1/7/2009.......................................................................... 84 

Table 25: Lammie Branch Sample 1/7/2009 .................................................................... 85 

Table 26: Cox Creek Sample 12/10/2008 ......................................................................... 86 

Table 27: Cox Creek Sample 1/7/2009 ............................................................................. 87 

Table 28: Cox Creek Sample 1/28/2009 ........................................................................... 88 

Table 29: Hines Branch Sample 1/7/2009 ........................................................................ 89 

Table 30: Hines Branch Sample 1/28/2009 ...................................................................... 90 

 



 vi 

List of Figures 

 

 

Figure 1: Research Watersheds ........................................................................................... 6 

Figure 2: Assembled Bed-load Sampler ............................................................................. 9 

Figure 3: Modified Shield's Diagram After Julien (1994) ................................................ 13 

Figure 4: Relationship Between Average Watershed Slope and Pebble Count d50 ......... 20 

Figure 5: Relationship Between Length of Roads in 50-foot Buffer and τr ..................... 20 

Figure 6: Pebble Count dmax and n* ................................................................................... 21 

Figure 7: Patchiness vs Shear Ratio .................................................................................. 23 

Figure 8: Stream Power and Sample dmax ......................................................................... 23 

Figure 9: Modeling without and with Bed-load Sampling Data ....................................... 27 

Figure 10: Restoration Design Conceptual Framework.................................................... 29 

Figure 11: Beaver Creek Cross Sections .......................................................................... 51 

Figure 12: Cox Creek Cross Sections ............................................................................... 52 

Figure 13: First Creek Cross Sections .............................................................................. 53 

Figure 14: Hines Branch Cross Sections .......................................................................... 54 

Figure 15: Knob Fork Cross Sections ............................................................................... 55 

Figure 16: Lammie Branch Cross Sections ...................................................................... 56 

Figure 17: Meadow Branch Cross Sections ...................................................................... 57 

Figure 18: Mill Branch Cross Sections ............................................................................. 58 

Figure 19: Plumb Creek Cross Sections ........................................................................... 59 

Figure 20: Suckstone Creek Cross Sections ..................................................................... 60 

Figure 21: Third Creek Cross Sections ............................................................................. 61 

Figure 22: Willow Fork Cross Sections ............................................................................ 62 

Figure 23: New Peak Stage (top of photo) on Peak Stage Gage ...................................... 93 

Figure 24: Upper Beaver Creek Watershed Map ............................................................ 100 

Figure 25: Cox Creek Watershed Map ........................................................................... 101 

Figure 26: First Creek Watershed Map ........................................................................... 102 

Figure 27: Hines Branch Watershed Map ....................................................................... 103 

Figure 28: Knob Fork Watershed Map ........................................................................... 104 

Figure 29: Lammie Branch Watershed Map ................................................................... 105 

Figure 30: Meadow Branch Watershed Map .................................................................. 106 

Figure 31: Mill Branch Watershed Map ......................................................................... 107 

Figure 32: Plumb Creek Watershed Map........................................................................ 108 

Figure 33: Suckstone Creek Watershed Map .................................................................. 109 

Figure 34: Third Creek Watershed Map ......................................................................... 110 

Figure 35: Willow Fork Watershed Map ........................................................................ 111 

Figure 36: Watershed Characteristics with Pebble Count Data Scatterplot Matrix........ 113 

Figure 37: Watershed Characteristics with Bed-load Sample Data Scatterplot Matrix .. 114 

Figure 38: n* with Pebble Count Data Scatterplot Matrix .............................................. 115 

 



 vii 

List of Symbols 

 

 

d particle size in mm 

d* unitless particle size for Julien’s Modified Shield’s Diagram 

dmax maximum sampled particle size in mm 

G specific gravity of sediment 

g acceleration due to gravity  

n* effective Manning’s n 

S reach slope 

τ bed shear value predicted by HEC-RAS modeling 

τc critical shear value from Julien’s Modified Shield’s Diagram 

τ*c unitless critical shear for Julien’s Modified Shield’s Diagram 

τcomp shear required to move maximum sampled bed-load particle 

τdmax shear required to move maximum particle size from Pebble Count 

τr shear ratio, defined as τdmax/ τcomp 

υ kinematic viscosity  

Ω stream power



 1 

Chapter 1: Introduction 

 

 

Evaluation of sediment transport supply versus capacity limitation is a central assessment 

problem in the field of stream restoration. A wide variety of modeling tools are available 

for these calculations, however many require inputs that are too costly to measure for a 

given project and/or produce poor predictions using commonly employed models such as 

HEC-RAS. Success of restoration projects based on stability are critically dependant on 

selecting default values or measuring input variables for these models. Commonly 

overlooked during pre-project assessment and design are the uncertainty of model 

outputs, especially when default values are applied for bed sediment characteristics. 

Among stream restoration practitioners, there is a growing understanding of the need to 

sample bed material transport to predict whether systems are sediment transport systems 

are supply or capacity limited. (Wilcock, 2001; Shields et al, 2003; Bravo-Espinoza, 

2003) 

 

In urban watersheds that are typically in geomorphic disequilibrium, understanding the 

sediment transport conditions is extremely important in completing a successful project. 

Wolman (1967) suggested a channel evolution model (CEM) that accounts for the effects 

of urbanization on streams as seen in three distinct phases. In this model, a stream in 

equilibrium (Stage 1) experiences increased sediment inputs due to construction activities 

(Stage 2). This would provide excess small sediment, smothering large substrate and 

leading to channel and bar storage. As the landscape is stabilized and sealed, sediment 
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input can decrease drastically, possibly to below pre-development levels. This leads to 

channel enlargement and increase in mean sediment size (Stage 3). During this final 

stage, others point out that while tranditional sediment inputs may be effectively cut off, 

anthropogenic debris come into play as both fine and coarse sediments (Grable and 

Harden, 2006). An alternate and more complex six stage CEM was put forth by Simon 

(1995). Simon’s CEM is useful in that it  can be used to determine reprecussions of 

current activities, determining the amount of disturbance caused by an event, or in some 

cases determining the past characteristics of a stream (Simon, 1995). Due to destruction 

of riparian areas, these sources are generally not subject to filtering by intact riparian 

zones in urban environments, leading to increased channel inputs (Hook, 2003). 

 

Bed substrate composition is of even greater concern as interest in expanding the 

regulatory focus of stream restoration to include ecological enhancement as well as 

hydraulic concerns (Shields et al, 2003). Streams with bed substrates consisting of coarse 

materials like cobbles and gravels provide necessary benthic habitat for aquatic biota 

(Buss et al, 2004; Freeman and Schorr, 2004; Williams, 2005). In urban environments 

where an increase in fine sediment is often encountered, interest lies in determining stable 

substrate for habitat and size fractions that will be cleared at high flows. The way in 

which depositional patches that develop in the bed respond to sediment regime conditions 

and bed-load movement is not yet understood (Buffington and Montgomery, 1999).  

 

Values of shear that will produce conditions of incipient motion are well predicted by the 

Shield’s Diagram; however, modeled predictions of bed shear often exceed observed 
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values, often by orders of magnitude (Buffington and Montgomery, 1999;Wilcock, 

2001). Parker and Klingeman (1982) theorized that bed texture reflect the ratio between 

stress on the bed (τ) and critical shear stress for the bed material (τc). In a typical one-

dimensional model such as the Hydrologic Engineering Center River Analysis System 

(HEC-RAS), the Manning’s n value represents all energy loss in the reach. When used as 

a tool to estimate sediment mobilization for the practitioner, the full Manning’s n greatly 

overestimates bed shear values. This will not only lead to overestimation of the mobile 

size fraction of the bed, but an over-prediction of transport rate, particularly in 

exponential rate equations. The Manning-Strickler relationship is a flow resistance 

partitioning technique that produces an estimate of a Manning’s n which represents only 

the energy dissipated on the bed material based on surficial bed material characteristics. 

Using this partitioned Manning’s n to calculate partitioned flow geometry through 

Manning’s Equation, a more accurate estimate of the bed shear value is produced. A 

problem of definition is encountered with this procedure however, as the particle size 

class used to estimate the partitioned Manning’s n is not defined, but rather left to 

professional judgment. (Wilcock, 2006) 

 

The objectives of this study were to explore the efficacy of watershed characteristics in 

predicting reach-scale bed characteristics, determine the feasibility of developing an 

empirical n* value based on bed sediment characteristics, and look at bed depositional 

patchiness as an indicator of supply or transport limited sediment regime. Watershed 

metrics, reach bed characteristics, and bed-load data were collected during the extent of 

this study in order to determine the predictive capability of watershed characteristics on 



 4 

reach scale bed composition, investigate the development of an effective Manning’s n, 

and look at visually quantifiable bed patchiness as an indicator of bed-load transport and 

deposition. In the practical realm of hydraulic design for the typical practitioner without 

the resources for long-term study, a predictive empirical method that makes use of easily 

obtainable stream geometry and sediment characteristics collected in the short term to 

accurately predict bed shear would be of great value. The following sections describe 

processes involved in characterizing research sites, bed-load sampling and processing.  
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Chapter 2: Methods 

 

2.1 Study Design 

Watershed metrics, reach bed characteristics, and bed-load data were collected from 

November 2008 to March 2009 in order to investigate the development of an effective 

Manning’s n, determine the predictive capability of watershed characteristics on reach 

scale bed composition, and look at visually quantifiable bed patchiness as an indicator of 

bed-load transport and deposition. The following sections describe processes involved in 

characterizing research sites, bed-load sampling and processing, GIS procedures, 

modeling, and data analysis. ESRI ArcMap software version 9.3 was used to process GIS 

information. HEC-RAS was used to estimate a Manning’s n providing τ values required 

to move transported sediment and compare with τc. 
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2.2 Study Area 

Bedload sampling sites were selected in Ridge and Valley Physiographic Province in an 

effort to limit extensive differences in sediment yield due to variation in geologic 

processes (Figure 1). The research watersheds were subwatersheds of Beaver Creek, 

Third Creek, and First Creek in Knox County, TN; and Suckstone Creek in Union 

County, TN. Beaver Creek is a high priority watershed in the area with an active 

watershed association and is the focus of hydrologic remediation activities by the Knox 

County. Research subwatershed sizes range from just over 1 mi
2
 to almost 12 mi

2
. Two 

research subwatersheds are “nested,” or completely contained within another, larger 

research watershed. They were: Cox Creek in the Beaver Creek subwatershed and  

 

Figure 1: Research Watersheds 
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Lammie Branch in the Willow Fork subwatershed. GIS analysis helped in the selection of 

a range of urbanization in the research watersheds, ranging from 1.2% to 27.3%. The 

research reach in each watershed was selected as having a riffle for bed-load sampling, 

no knick-points, a length of approximately 150 feet, and easy access from a roadway or 

parking lot. Reaches display incision from mild to extreme and riparian areas include 

grass, forested, and asphalt within 50 feet.  

2.3 Field Measurements and Sampling Activities 

2.3.1 Site Setup and Bed Material Classification 

Benchmarks were established at each site using #8 steel rebar. Site datums were set to an 

assumed elevation of 100 feet at each site. Upstream and downstream channel cross-

sections were measured using level surveying techniques with a Nikon AE-7 AutoLevel. 

Typical spacing was approximately five feet in overbank areas and two feet in the 

channel. Additionally, any significant changes in slope, along with left and right top of 

bank and top of channel stations were noted in the field records. Crest stage recorders, a 

description of which is included in Appendix E were installed at the upstream and 

downstream extent of the research reach. The actual in-stream length from cross section 

to cross section was recorded with a surveying tape. A Wolman (1967) pebble count was 

performed to quantify the bed material in the sampling riffle at each research reach. As 

part of the pebble count, a semi-qualitative value representing varying deposition patterns 

in the cross section, referred to as “patchiness”, was recorded. If two modes of bed 

material were present, the percentage of the bed represented by the coarse mode, gravel 

or larger, was recorded. For example, if there was one mode of bed material present, the 
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patchiness percentage value would be 100%. If 85% of the bed was represented by a 

coarse mode and 15% was represented by a fine mode, a value of 85% was recorded.  

Pebble count values were classified into 15, 50, 85, and 100
th

 percentiles.  

 

2.3.2 Bed-load Sampling Method 

Temporary bed-load sampling devices with capacity to sample throughout the duration of 

the flow event were modeled after a Bunte’s (2004) bedload traps. The final design 

consisted of 5/16” x 3 ½” aluminum bar stock frame with an opening measuring 3” x 

12”; an interior sampling net with openings sized .05”; and an exterior reinforcing net. 

Further description of bed-load trap construction is found in Appendix E. Figure 2 shows 

the assembled sampling device. Before a predicted storm event, the samplers were 

secured to the bed in a riffle area of each sampled research site reach using #8 rebar 

driven into the bed. After the peak stage has decreased by at least half, the samplers are 

removed and returned to the laboratory. Storm events were sampled between 11-14-2008 

and 3-28-2009. Error due to sampling a small portion of a cross-section was accepted as a 

by-product of the process; bed-load sampler use and performance are addressed in 

Appendix E. 
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Figure 2: Assembled Bed-load Sampler 

 

2.3.3 Bed-load Sample Processing 

Bed-load sampling activities yielded transport and stage information for nine of the 

twelve selected sites.When samples were removed from the sites, they were brought to 

the Civil Engineering Geotechnical Laboratory at the University of Tennessee, Knoxville. 

In order to performed particle size distributions (psd’s) on the sediment material, organic 

material that had accumulated in the traps had to be removed. In this interest, a five 

gallon container, approximately half-full of water was used. After the samples were 

removed from the net traps, sediment material was washed from the organic material in 

the water containers. Organic materials including leaves, stems, nuts, crayfish, and insect 

larvae were noted among the debris and disposed of according to their nature. Water from 

the washing vessel was decanted to just above the level of sediment that had 

accumulated. This remaining material was transferred to a drying pan and was dried in a 

low temperature oven. After a 24 hour period, the samples were transferred to a high 
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temperature ignition oven to remove any remaining small organic debris. A dry sieve 

procedure (ASTM D1921-06) utilizing 10 sieves ranging from 3/8 inch to #200 sieve was 

performed, providing a psd for each sample recovered. In addition, the largest particle 

from each sample was individually measured.  

2.3.4 Water Surface Measurement at Peak Flow Stage 

Crest stage gages similar to the USGS type were employed to measure peak stage from 

sampled storms. Immediately following a flood, high water marks from displaced cork in 

the peak stage recorders were marked and dated in permanent marker. Marks at the 

brackets of the crest stage recorders were checked to ensure no vertical movement of the 

crest stage recorders took place. Qualitative notes were made regarding evidence of scour 

or aggradation of the bed surrounding the samplers. Following all sampling activities, 

peak stage information was surveyed with a level from the benchmarks established for 

cross section surveying. 

2.4 Geographic Information System Analysis. 

2.4.1 Data Collection 

Latitude and longitude values of sampling sites were identified and collected using a 

Garmin GPSmap 76 Global Positioning System (GPS). Data layers for GIS analysis were 

acquired from the US Geological Survey (USGS) Seamless Data Server 

(seamless.usgs.gov). Elevation data, impervious surface information, and road locations 

were gathered from this source. Table 2 summarizes the data retrieved from the USGS 

server.  
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Table 1: Watershed Datasets Acquired from USGS Seamless Site 

Layer Name Datum File Type Data

NLCD* Impervious NAD 83 raster impervious surface

National Elevation Dataset NAD 83 raster elevation

BTS
†
 Roads NAD 83 shapefile roadway locations

*National Land Cover Database

†Bureau of Transportation Statistics

USGS Data Sets

 

 

2.4.2 GIS Data Processing 

The DEM dataset was used to produce many elements in the GIS analysis. From the 

DEM data and site location data, the watersheds and streams were defined, and average 

watershed slopes were determined using the Spatial Analyst Toolset. With the watershed 

defined, an analysis of the impervious layer was analyzed to give a percentage 

impervious cover in the watershed. Stream and road layers were used to determine the 

length of roads within 50 feet of the stream above the research sites. An in-depth view of 

specific GIS analysis processes involved is included as Appendix F. 

2.5 Geomorphic Channel Survey Data 

Level survey values from the upstream and downstream cross-sections from each 150 ft 

site were entered in Microsoft Excel and processed to give an elevation relative to the 

benchmark for each cross sectional station. Cross sections which were recorded from 

right to left (facing downstream) were re-stationed at this point in accordance with the 

HEC-RAS input requirements (USACE, 2002). 
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2.6 HEC-RAS Modeling 

Through the HEC-RAS Geometry Data Editor Graphical User Interface (GUI), cross 

sectional geometry, reach length, and Manning’s n values were entered into the HEC-

RAS model. Simulations were run with channel Manning’s n values ranging from .01 to 

.035 with a constant bank value of .03. The boundary condition for each reach was 

defined as normal depth at the downstream cross section for the local slope between cross 

sections. A flow approximating the water surface level recorded on the crest stage 

recorder for the sampling event was identified and run at each Manning’s n value;  

flows of the highest stage sampling event were modeled based on peak stage recorder 

values.  

2.7 Determination of Critical Shear Values 

Estimated values of bed shear (τ) for each Manning’s n value modeled in HEC-RAS were 

compared with critical shear  (τc) values from the modified Shield’s diagram by Julien 

(1994) to choose an appropriate Manning’s n for each reach based on the maximum 

sampled particle size (dmax). τc values were determined for each classification following 

the modified Shield’s Diagram (Figure 3) by Julien (1994) which allows for direct 

computation of τc, see Figure 3. In this form, the x and y axes of Shield’s Diagram are 

transformed into unitless values of 

3/1

2*

1gG
dd and 

WS

C

C
d

*  

respectively.  
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Figure 3: Modified Shield's Diagram After Julien (1994) 

 

In an effort to quantify the availability of sediment to a reach, two additional values were 

calculated for each sampled site. Shear ratio (τr) was defined as compdr max , where 

τdmax is the shear required to move the maximum particle size found in the pebble count 

and τcomp is the shear required to move the largest sampled particle from the bed-load 

sampling. τr quantifies the stability of the largest particles in the reach. Additionally, 

stream power was calculated by gQS , where ρ is the density of water, g is the 

gravitational constant, Q is the discharge estimated from HEC-RAS modeling for n*, and 

S is the reach slope. 

2.8 Study Analysis 

Two analyses were performed to determine the efficacy of watershed characteristics in 

predicting bed characteristics at the reach scale. These watershed characteristics included 

percent impervious as a surrogate for urbanization, average watershed slope, and the 

length of roads within a buffer of 50 ft within the watershed. In the first analysis, all 12 
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research sites were included in a Kendall’s τ correlation of pebble count statistics with 

the watershed characteristics. The second analysis was similar to the first, but included 

only the research sites from which bed-load samples were retrieved, with data from the 

bed-load sampling in place of pebble count data. Bed shear (τbed) values from the HEC-

RAS model and τc values from the modified Shield’s Diagram (Julien, 1998) were used 

to determine an effective Manning’s n (n*) for each reach. This n* value allowed 

modeling of shear acting on bed particles in an accessible model such as HEC-RAS, 

which otherwise would produce a shear value that represents all energy dissipated in the 

reach, greatly overestimating the particle size that will become mobile. This is a logical 

extension of partitioning channel properties into form and grain effects (Sturm, 2001). 

The concept of reach-scale bed deposition patchiness was explored as a predictive 

concept, with particular focus on predicting supply or transport limited bed sediment in a 

reach. Trends and grouping were visually assessed using shear ratio, stream power, and 

sampled particle size data from each site. 

 

 ArcMap 9.3 was used to process GIS information and HEC-RAS was used to perform 

one-dimensional hydraulic modeling on the research reaches. SAS’s JMP 7.0.1 statistical 

software package was used to explore correlations related to the first research objective. 

Matrices were constructed containing relevant data to the first project objective. 

Multivariate scatter plots and cluster analyses were used to identify significant 

correlations and characteristic groupings. All scatterplot matrices are included in 

Appendix F for reference. Regression analysis was used to determine the possibility of 

predicting an empirical n* value for the second study objective. For the final study 
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objective, visualization of groups and patterns through scatterplots was used to identify 

trends related to bed depositional patches.  
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Chapter 3: Results 

 

Data gathered for each site in this project yielded cross section information, pebble count, 

and GIS derived watershed characteristics. Details of these are included in Appendices A, 

B, and F, respectively. Information from all research objectives is summarized in Table 2, 

with particle size distributions located in Appendix D. Tables 3 and 4 summarize 

correlation results between bed-load sample data with watershed characteristics and 

pebble count data with watershed characteristics, respectively. 

3.1 Watershed Characteristics and Reach-Scale Bed Characteristics 

Percent impervious area in the watershed had no correlation to any bed sediment size 

parameters. A positive correlation between average watershed slope and the pebble count 

d50 was noted, confirming the role that watershed slope plays in sediment transport 

(Figure 4, P<0.01). Interestingly, no correlation was found between reach slope and any 

bed-load sampling metrics. The length of roads in a 50-foot buffer predicted τr well, 

(Figure 5, P=.03). Though two of the metrics showed a correlation with reach scale bed 

characteristics, they would be most judiciously used as an indicator of trends rather than a 

predictor of specific values.
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Table 2: Results Summary 

Watershed

Area 

(acre) % Impervious

Avg 

Watershed 

Slope (%)

Reach 

Slope 

(ft/ft)

Length of 

Roads in 

Buffer (ft)

Patchiness 

(%)

P.C. d15 

(mm)

P.C. d50 

(mm)

P.C. d85 

(mm)

P.C. dmax 

(mm)
Sample 

dmax Ω (ft lb/s
3
)

Shear 

Ratio n*

Lammie Branch 842.0 1.2 7.58 0.0136 93.8 85% 8 21 45 303 37 956.3525 3.24 0.035

Cox Creek 2363.8 5.5 8.15 0.0129 235.3 95% 10 22 62 122 42 12947.9 1.43 0.020

Mill Branch 1985.3 3.0 7.99 0.0079 212.8 80% 11 22 42 233 42 2395.68 2.86 0.03

Beaver Creek 9597.0 5.4 6.34 0.0063 1199.6 100% 4 6 10 18 18 8819.902 1.00 0.015

First Creek 11950.8 17.7 5.29 0.0061 338.6 90% 6 15 62 225 * * * *

Knob Fork 2163.5 14.9 6.88 0.0050 211.3 80% 4 18 30 195 44 3497.403 2.73 0.025

Suckstone Creek 1889 2.5 6.74 0.0049 1219.2 80% 9 27 78 293 36 1464.985 3.33 0.03

Third Creek 7541.2 27.3 5.54 0.0039 471.8 90% 6 11 19 163 47 13319.38 2.55 0.022

Hines Branch 1408.9 20.9 8.16 0.0032 74.4 95% 9 21 41 143 34 2910.362 3.53 0.025

Meadow Branch 2278.4 12.1 5.79 0.0010 145.7 85% 7 16 27 72 * * * *

Willow Fork 2098.1 1.3 5.2 0.0037 319.9 100% 5 11 19 44 34 1525.293 1.29 0.020

Plumb Creek 1481.8 18.4 6.41 0.0011 63.7 90% 2 11 23 60 * * * *

* no bed-load sample collected

Contributing Watershed Data Pebble Count Data Sample/Modeling Data
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Table 3: Bed-load Sample Kendall τ Correlations 

Variable by Variable r p

Sample d50 avg Area -0.138 0.702

Sample d50 avg % Impervious 0.138 0.702

Sample d50 avg Avg Watershed Slope 0.828 0.022

Sample d50 avg Reach Slope 0.414 0.251

Sample d50 avg Length of Roads In Buffer -0.414 0.251

Sample d85 avg Area -0.600 0.142

Sample d85 avg % Impervious 0.400 0.327

Sample d85 avg Avg Watershed Slope 0.600 0.142

Sample d85 avg Reach Slope 0.000 1.000

Sample d85 avg Length of Roads In Buffer -0.800 0.050

Sample d85 avg Sample d50 avg 0.527 0.207

Sample dmax Area 0.148 0.615

Sample dmax % Impervious 0.371 0.209

Sample dmax Avg Watershed Slope -0.074 0.802

Sample dmax Reach Slope 0.114 0.673

Sample dmax Length of Roads In Buffer 0.000 1.000

Sample dmax Sample d50 avg 0.214 0.559

Sample dmax Sample d85 avg 0.316 0.449

Shear Ratio Area -0.556 0.037

Shear Ratio % Impervious 0.111 0.677

Shear Ratio Avg Watershed Slope 0.389 0.144

Shear Ratio Reach Slope -0.022 0.929

Shear Ratio Length of Roads In Buffer -0.833 0.002

Shear Ratio Sample d50 avg 0.414 0.251

Shear Ratio Sample d85 avg 0.800 0.050

Shear Ratio Sample dmax -0.057 0.833  
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Table 4: Pebble Count Kendall τ Correlations 

Variable by Variable r p

PC d50 Area -0.305 0.205

PC d50 % Impervious -0.191 0.428

PC d50 Avg Watershed Slope 0.610 0.011

PC d50 Reach Slope 0.224 0.346

PC d50 Length of Roads In Buffer -0.305 0.205

PC dmax Area -0.164 0.484

PC dmax % Impervious -0.018 0.938

PC dmax Avg Watershed Slope 0.200 0.392

PC dmax Reach Slope 0.418 0.073

PC dmax Length of Roads In Buffer -0.127 0.586

PC dmax PC d50 0.552 0.015

Shear Ratio Area -0.556 0.037

Shear Ratio % Impervious 0.111 0.677

Shear Ratio Avg Watershed Slope 0.389 0.144

Shear Ratio Reach Slope -0.022 0.929

Shear Ratio Length of Roads In Buffer -0.833 0.002

Shear Ratio PC d50 0.506 0.046

Shear Ratio PC dmax 0.556 0.025
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Figure 4: Relationship Between Average Watershed Slope and Pebble Count d50 

 

Figure 5: Relationship Between Length of Roads in 50-foot Buffer and τr 
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3.2 Development of an Empirical Model for n* 

In an effort to define an empirical relationship between bed composition and n*, 

correlations were explored between each sites’ pebble count d15, d50, d85, and dmax and the 

n* value determined for each reach (Table 2). A strong linear correlation was identified 

between the maximum particle size (dmax) identified in the reach and n*, as seen in Figure 

6. No significant correlations were observed with the remaining three pebble count 

metrics.  

 

 

 

Figure 6: Pebble Count dmax and n* 

 

 

y = 6E-05x + 0.0148
R² = 0.8896

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.01 50.01 100.01 150.01 200.01 250.01 300.01 350.01

M
a

n
n

in
g

's
 n

*

Pebble Count dmax



 22 

3.3 Reach Scale Bed Deposition Patchiness as a Predictive Concept 

In comparing τr and patchiness, the potentially supply-limited sites appeared in a group. 

Cox Creek, at 95% patchiness, appeared to be in a transition zone while Beaver Creek 

and Willow Fork, at 100%, are clearly disconnected from the other sites (Figure 7). All 

sites with a patchiness value  90% have τr values > 2.50. No correlation was observed 

between τr or Ω and watershed scale characteristics (Table 2). For the purpose of this 

study, τr < 1.5 was assumed to indicate a potentially supply-limited sediment regime 

since shear values near incipient motion for the largest observed bed material were 

approached. This produces a population of Beaver Creek, Cox Creek, and Willow Fork as 

candidates for supply-limited reaches (Figure 7). A comparison was made between the 

bed-load sample dmax and Ω in an effort to determine if Ω trends can be applied to 

comparatively identify true supply-limited reaches (Figure 8). Interestingly, Beaver 

Creek appears as the outlier in Figure 4, while Cox Creek and Willow Fork appear as 

outliers in Figure 5.  
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Figure 7: Patchiness vs Shear Ratio 

 

Figure 8: Stream Power and Sample dmax 
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In visualizing Ω’s relationship to sample dmax, it was observed that Beaver Creek was the 

only low τr site to lie significantly apart from the sample dmax values of both low and high 

stream power groups. Cox Creek lies in the high stream power group, and Willow Fork 

lies in the low stream power group. That the high and low stream power groups include 

sites with both high and low τr values suggest that the low τr sites that fall within the 

groups are in regime for their discharge and sediment supply characteristics. This 

suggests that Beaver Creek is the only true supply-limited stream in the population of 

sampled sites. Though this comparative analysis was useful in this study to differentiate 

potential supply-limited sites from true supply-limited sites, a predictive method using Ω 

was not identified. There were no significant correlations involving pebble count data and 

stream power that would predict a site falling into the groups identified from bed-load 

sampling. The grouping that is implied in comparing Ω and sample d50 becomes less clear 

when considering the relationship between Ω and τr directly.  
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Chapter 4: Discussion 

 

 

Increasing the accuracy of inputs for a stream restoration design should improve the 

viability of the designs from both a structural and biological perspective. Broad 

watershed characteristics are not sufficient predictors of reach scale channel 

characteristics. Reach-scale depositional patchiness, as a visually identifiable surrogate 

for shear variance in a reach may be integrated into a channel stability index or to 

indicate reaches of concern for restoration activities. Identification of easily gathered 

channel characteristics that can help improve input for restoration design and can be 

applied in an economically viable way for practitioners. 

4.1 Watershed Characteristics and Reach Scale Bed Characteristics 

The generally poor correlations between watershed characteristics and reach-scale bed 

characteristics indicate that a snapshot view of watershed characteristics is insufficient to 

predict specific reach conditions. A more effective approach may be to look at time series 

land use information that could be related to Simon’s CEM to track effects on the channel 

as they migrate downstream and progress through time (Langendoen and Alonso, 2008). 

That the length of roads in a 50-foot buffer predicted τr suggests that hydrologic 

connectivity or proximity of impervious surfaces might be a better indicator of reach 

scale conditions. Though two of the metrics showed a correlation with reach-scale 

channel characteristics, they would be most judiciously used as an indicator of trends 

rather than a predictor of specific values. Comparison between basins might aid in 
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identifying target watersheds for further investigation but was beyond the scope of this 

study. 

4.2 Development of an Empirical Model for n* 

The strong correlation observed between the maximum particle size identified in a reach 

and the n* value determined through modeling indicates that an empirical method for 

determining an n* value from bed composition metrics is possible to develop. This, in 

conjunction with a one-dimensional flow model, will accurately predict values of bed 

shear. Instead of estimating a value for Manning’s n from channel and bed characteristics 

where shear values are greatly overestimated, this technique would give a solid base from 

which to move through the modeling process (Figure 9).  
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Figure 9: Modeling without and with Bed-load Sampling Data 

That the significant correlation is with the pebble count dmax particle size in the reach 

suggests that these are the particles dominating the turbulent structures near the bed that 

initiate movement of bed material. As a practical and simple tool for the stream 

restoration practitioner, an accurate estimation of the mobile fraction of bed material in a 

reach can help in designing stable portion of the bed and a portion that will become 

mobile, allowing design of heterogeneous bed material suitable as benthic and spawning 
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habitat (Wilcock, 2001). From a modeling standpoint, the observed relationship gives an 

empirical basis for choosing a value for n* to determine approximate values for particles 

to become mobile during bankfull flow events. Though the relationship determined in the 

Ridge and Valley physiographic province may have limited geographic and geologic 

applicability it suggests that the possibility of developing similar relationships in other 

physiographic provinces is also possible.  

4.3 Reach Scale Bed Deposition Patchiness as a Predictive Concept 

An interesting relationship is seen when looking at stream order and τr. All first order 

watersheds in the study have a τr value greater than 2.5, classifying them as transport 

limited; the two potentially supply limited sites were the second order watersheds in the 

study; while the only conclusively supply limited stream in the study was a third order 

watershed. Previous observations (Ferguson et al, 1996) have noted rapid fining of bed 

sediment in the downstream direction. In a channel that still has high stream power, this 

could lead to a supply limited sediment regime. As a concept, reach-scale depositional 

patchiness needs methodological refinement. However, as a quick indicator of sites that 

may be supply limited or ecologically impaired, or as an additional metric in a channel 

assessment protocol, it may be effective.  

4.4 Applications to Stream Restoration 

As biological recovery becomes a recognized goal of stream restoration and potentially a 

part of regulatory assessment of project success, clearly defined goals along with 

techniques to achieve these goals become necessary (Shields et al, 2003; Palmer et al, 

2005; Bernhardt and Palmer, 2007). The results of this study have been incorporated into 
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a decision chart to provide a framework for the restoration design process (Figure 10). 

These results are used in conjunction with Williams’ (2005) findings showing a 

correlation between bed substrate characteristics with Rapid Bioassessment Protocol III 

(RBP III) scores using benthic macroinvertebrates and Dworak’s (2005) hydraulic 

modeling. Using findings from these studies with a conceptual framework similar to that 

outlined below, it would support design of stream restoration projects, clearly defining 

biological and morphological goals.  

 

Figure 10: Restoration Design Conceptual Framework 
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Though watershed metrics, as studied, had no practical predictive ability as applied to 

local reach-scale bed characteristics, the concept of an empirical n* value and using bed 

depositional patchiness to assess supply or transport limited sediment regimes revealed 

are of practical importance to the stream restoration practitioner. The ability to predict 

and design for sediment characteristics at a site with easily gathered field data has been 

lacking (Wilcock, 2001). Knowing bed-shear values, sediment regime characteristics, and 

being able to integrate these with clearly stated biological requirements is invaluable in 

the field of stream restoration.  
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Urbanization in a watershed begins a chain reaction of effects in the water resources of 

that watershed (Bledsoe and Watson, 2001; Booth and Jackson, 1997; Walsh et al., 

2005). Hydrologic changes lead to changes in sediment flux which in turn lead to 

changes in form and function of the streams from both a structural and biological 

perspective (Simon, 1995; Schwartz and Herricks, 2007). As infiltration and storage 

capacities are altered due to construction activities including clearing and grubbing, 

paving, and building construction; hydrograph values and shapes change, with peaks and 

durations increasing (Hollis, 1975; Leopold, 1968). Delivery paths to the streams are 

concurrently altered by use of storm-water collection and distribution infrastructure 

which delivers high volumes to the stream with a low time of concentration (Booth and 

Jackson, 1997). Due to sediment transport’s link to storm runoff and discreet inputs of 

sediment (as in bank failures), these effects in the watershed can be separated both 

spatially and temporally from the source of disturbance (Gregory, 1977). 

 

Wolman (1967) suggested a channel evolution model that accounts for the effects of 

urbanization on streams as seen in three distinct phases. First, uncontrolled erosion during 

construction activities, early erosion in the channel, and late erosion in the channel. In 

this model, a stream in equilibrium (Stage 1) experiences increased sediment inputs due 

to construction activities (Stage 2). This would provide excess small sediment, 

smothering large substrate and leading to channel and bar storage. As the landscape is 

stabilized and sealed, sediment input can decrease drastically, possibly to below pre-

development levels. This leads to channel enlargement and increase in mean sediment 

size (Stage 3). During this final stage, others point out that while tranditional sediment 
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inputs may be effectively cut off, anthropogenic debris come into play as both fine and 

coarse sediments (Grable and Harden, 2006). An alternate and more complex six stage 

CEM was put forth by Simon in 1995. Simon’s CEM is useful in that it  can be used to 

determine reprecussions of current activities, determining the amount of disturbance 

caused by an event, or in some cases determining the past characteristics of a stream 

(Simon 1995). Due to destruction of riparian areas, sources for these and other sources 

are generally not subject to filtering by intact riparian zones in these urban environments, 

leading to increased channel inputs (Hook, 2003). 

 

Phase 2, as defined by Wolman, seems to be focused on sediment load, but there also 

appears to be a hydrologic/hydraulic component that plays a part in it. The same activities 

that compact and seal in traditional sediment inputs also prevent infiltration in urbanizing 

areas. Increases in flood frequencies and in peak flood flows reflect this basic hydrologic 

change. This increase in hydraulic conveyance requirements would predict channel 

enlargement even with a constant sediment load (Lane, 1955; Galay, 1983). Lane’s 

model of channel dynamics actually matches well with Wolman’s Channel Evolution 

Model. This may be exacerbated by the concurrent constriction of sediment input into the 

system. Over a seven year period, significant widening and incision of streams with 

urbanized but constant land use is apparent from visual inspection (Wolman, 1967).  

 

Changes in channel sinuosity can also lead to similar widening and incising activity. A 

study of change in stream power due to changes in watershed hydrology indicated that 

channel straightening or braiding are possible outcomes of increased stream power 
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(Bledsoe and Watson, 2001). Though not as common under current regulatory practices, 

deliberate channelization and straightening may also occur as part of the urbanization of 

an area. Though oftem a remnant of agricultural practices in the watershed, this type of 

channel alteration can have severe effects on channel morphology. In the first case, this 

adjustment may be morphological action by the stream to balance incoming sediment 

load with the dominant flow in the channel and the physical channel characteristics, per 

Lane’s Law. In the second case, this straightening effectively provides an increase in 

channel slope, increasing unit energy and encouraging downcutting as the sediment load 

in a reach balances with the new stream power profile.  

 

In predicting changes in watershed hydrology, a common metric is the percent 

impermeable surface over the area. While good correlation with runoff increases exists 

with this method, consideration of connectivity of these areas to each other and to the 

stream have a strong impact on the timing and intensity of these peak flows. Two 

methods of quantifying this distinction are presented by Booth and Jackson. From above, 

the former situation would be classified as a “total impervious area” method (TIA). This 

method ignores unsealed areas where compaction has prevented normal infiltration rates 

as well as the effects of hydrologic connectivity betweem pervious and impervious areas. 

An “effective impervious area” (EIA) method takes into account hydrologic seperation of 

impervious areas by increasing or decreasing the value calculated for TIA. This 

relationship must be calibrated experimentally for a specific application. (Booth and 

Jackson, 1997) An analysis of development activities related to increases in peak runoff 

revealed that a threshold for significant flow change occurs at approximately 5% removal 
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of forest cover. The next best indicator is the percentage of development that is composed 

of less than .1 ha lots. Research also indicates that significant differences in predicted 

runoff are not indicated using variable source area versus hortonian runoff modelling. 

(Valeo and Moin, 2001) 

 

These changes in hydrology are accompanied by incidental changes in sediment supply. 

In fact, construction has been observed to increase the sediment yield in watersheds by 

orders of magnitude over undisturbed and even agricultural watersheds (Wolman and 

Schick, 1967; Daniel et al, 1979). It has more recently been noted that new sources of 

sediment that are difficult to quantify in both mass and composition are introduced post-

development,  including slope instability, bank failure due to undercutting, anthropogenic 

debris, and roadway erosion (Grable and Harden, 2006; Nelson and Booth, 2001). Fining 

of bed sediment toward sand due to changes in sediment sources has also been noted in 

urbanized portions of watersheds (Simon et al., 2004). Valley slope, as an important 

contributor to selective downstream fining, can exacerbate sediment transport changes 

initiated by urbanization (Ferguson et al, 1996; Hammer, 1972, Sambrook Smith and 

Ferguson, 1995). 

 

Changes both in hydrologic conditions and sediment supply in turn affect channel 

stability. Higher flow rates with lower upstream sediment loads tend to lead to widening, 

incision, or a combination of the two (Hammer,1972; Booth,1990; Arnold et al, 1982, 

Langendoen and Alonso, 2008). Even without changes in sediment supply, the increased 

hydraulic conveyance requirements would predict channel enlargement (Lane, 1955; 
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Galay, 1983). Incision can increase transport of fine sediment downstream through both 

in-channel erosion and by isolating the channel from its floodplain (Allmendinger et al, 

2007; Hook, 2003). Separate from hydrologic changes, other effects on the channel are 

felt. Riparian areas are often removed during urbanization activities, removing a valuable 

habitat resource as well as a sediment filtering feature (Hook, 2003). Simon (1995) 

identified six stages of channel evolution in a disturbed watershed; the primary features 

of the post-disturbance channel being downcutting and widening. As channel area has 

been sufficiently increased, aggradation takes place, leading to restabilization. Effective 

restabilization has been noted to take place in the time frame of decades with constant 

land use in the watershed (Henshaw and Booth, 2000; Trimble, 1995).  

 

An alternate and more complex six stage CEM was put forth by Andrew Simon in 1995. 

Simon’s CEM is useful in that it  can be used to determine reprecussions of current 

activities, determining the amount of disturbance caused by an event, or in some cases 

determining the past characteristics of a stream. Stage I is the pre-disturbance stage and is 

characterized by a channel in dynamic equilibrium (more discussion to follow), with the 

typical erosion on the outside of bends balanced by bar accretion on the inside of curves. 

Banks are typically stable in this stage while slight increases in overall longitudinal relief 

are possible. The constructed phase, number II, features the removal of riparian 

vegetation, channelization, urbanization, or any disturbance to the channel. This includes 

the beginning of changes in bed heigh and channel geometry. Stage III marks the 

beginning of notable chane in the channel’s geometry. Banks grow both taller and steeper 

due to general incision in the channel, with undercutting at the base becoming evident. 
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Remaining vegetation near the bank may become either unstable due to undercutting or 

move toward the channel in competition for light. The channel becomes disconnected 

from its historical floodplain. In Stage IV, the threshold stage, mass bank failures begin, 

widening the stream and reducing bank angles. Due to this widening, the water height in 

the stream drops well below the top of the bank and any vegetation near the bank is 

introduced into the stream. The aggradation stage, Stage V, represents the beginning of 

the redevelopment of the stream. Bed height rises, redevelopment of alternate bar 

structure occurs, and imbrication of material now found on the bottom of the bank begins. 

If possible, reestablishment of riparian cover may now begin and possibly the formation 

of a terrace structure in the former floodplain. Restabilization begins in Stage VI as the 

water line again becomes higher in relation to the top of bank, bank angles become much 

lower, and alternate bar patterns become well established. Bank stability returns as the 

bank develops a convex shape and angles are further reduced. (Simon, 1995) 

 

Though a useful conceptual model, Simon’s approach assumes the possibility of return to 

a stable equilibrium with positive feedback. In an urban environment, there may also be 

issues related to the definition of a “stable” channel. In a natural setting, this would have 

a straightforward and generally accepted conotation. However, with constraints imposed 

on urbanized channels, particularly those wholly confined by man made structures, 

stability takes on a meaning where channel geometry stays relatively constant and does 

not encroach on surrounding infrastructure elements (Henshaw and Booth, 2000).  

 



 45 

Stream restoration efforts are increasingly focused on these urbanizing areas (Riley, 

1998). The traditional method of using an undisturbed reference reach translates poorly to 

these urbanized watersheds, leading to a design with no or poorly suited empirical basis 

(Pizzuto et al, 2000). Actions not traditionally thought of as stream restoration such as 

stormwater management, hydrologic remediation, and riparian replantings are now 

considered to be stream restoration activities in many urban areas (Bernhardt and Palmer, 

2007). With more traditional stream restoration practices such as channel stabilization or 

ecological rehabilitation, goals are often ambiguously stated due to a lack of appropriate 

monitoring protocols (Montgomery and MacDonald, 2002; Schwartz et al, ?). It is 

becoming evident that geomorphic stability and ecologic recovery must be synthesized 

early in the design process as accomplishment of one of these goals does not imply the 

success of the other (Henshaw and Booth, 2000; Booth and Jackson 1997). Even with 

more site specific design protocols, input from community stakeholders along with 

engineering and scientific perspectives must be balanced in a way that is acceptable to all 

parties in order to be fully and successfully implemented (Rhoads et al., 1999). As new 

information on the effects of urbanization is compiled, a more complete understanding of 

natural versus anthropogenic influence is developed. A better understanding of this 

interaction allows for incorporation of natural processes in stream restoration practice 

(citation). 

 

This also brings into question different possible states of dynamic equilibrium. A river 

channel is never at a point that could be identified as staic equilibrium. However, the 

concept of a healthy dynamic equilibrium explains a channel’s ability to recover from 
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disturbance within a threshold. Conceptually visualized as a ball between two hills, a 

channel in this state can be pushed from equilibrium by, for example, an increase in 

sediment load and the channel width and slope will be adjusted in a way with the 

dominant discharge that any significant change in profile will be readjusted. The 

converse of this, an unstable equilibrium, can be visualized as a ball balanced on a hill, 

with any push from the state of equilibrium inducing negative feedback and a fall to a 

new state of equilibrium. (Knighton, 1998)  

 

While a watershed’s EIA is used as a general predictor of impacts, the conditions that 

indicate a channel’s ability to respond to these changes, much less to rebound are best 

viewed on a case by case basis. Though typical periods of restabilization range from 10 to 

20 years, in some cases 30 or more years pass with no indication of a return to stability. 

An important confounding factor is the geology of the area, particularly that which is 

immediately underlying the channel bottom and the condition of the soil in the banks. 

With a relatively resiliant subgrade, significant watershed changes may only slightly 

disturb the channel, resulting in a shorter or at least finite period of re-adjustment. It is 

also noted that though not all extremely urbanized (90-95% impervious) streams fail to 

restabilize, though all unstablized encountered streams did fall into this category. A 

common feature of these streams is destruction of bedload source outside of slaking 

bedrock or anthropogenic debris. Fine sediment inputs continue due to bank failure as 

well as degradation of manmade infrastructure elements. Streams in this condition also 

typically feature significant reaches of total hydraulic and geologic confinement (ie. box 
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culverts) which may play a role in hindering a return to an equilibrium state. (Henshaw 

and Booth, 2000; Grable and Harden, 2006) 

 

With a general understanding of the processes initiating change in sediment and hydraulic 

flow rates, morphological implications of this change of inputs, and potential for natural 

recovery, the next logical step is to investigate possible mitigation techniques. Though 

stream restoration is part of the common vernacular as a catch-all for channel 

restructuring, formal distinctions are presented by Rhoades et al, 1999. Stream 

naturalization is likely the most pertinent in an urban setting. In this case, the stream has 

been modified by its surroundings to the point that return to a pre-disturbance state is 

impossible. In comparison with stream restoration, which reverts the stream structurally 

and ecologically to a pristine state, and stream rehabilitation, which reinstalls as much of 

the structural and ecological function as possible, the conditions defining stream 

naturalization are defined by stakeholders affected by the condition of the stream. A 

compromise is reached between land owners, business owners, and members of the 

scientific community taking into account the scientific/engineering perspective as well as 

the value system of the community at large. In this approach, interaction between these 

groups is key in successfully implementing an approach to stream improvement. 

(Rhoades et al, 1999) 

 

There are several general categories under which most all restruction activities fall when 

performing mitigation activities. Bank stabilization includes the use of bio-engineered 

products, inorganic materials such as rip-rap, and the use of geotextiles to stabilize the 
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bank as vegetation is established. Typically bank geometry is altered to a more stable 

state immediately previous to the application of the treatment. Channel reconfiguration 

and grade control encompasses two fairly distinct classes of alteration. The channel 

reconfiguration part generally refers to readjustment of the planform to accommodate the 

dominant discharge and sediment loads within the valley gradient. Grade control, on the 

other hand involves control of the longitudinal profile of the stream. This is typically 

accomplished by establishing nickpoints at specific locations and elevations to control 

downcutting and headcutting of the stream. Often in an urban setting, the most effective 

activity is riparian replanting and management. When space is limited or land-owner 

cooperation is minimal, erradication of invasive species and establishment of a healthy 

riparian zone is effective as a buffer zone as well as controlling sun exposure to the 

channel, thus controlling water temperature (Bernhardt and Palmer, 2007). 

 

Sediment transport measurements in urbanizing watersheds have thus far focused on 

suspended sediment concentrations and bed-load studies have focused primarily on non-

urbanized watersheds (Solo-Gabrielle and Perkins, 1997; Carter et al, 2003; Bunte et al, 

2004; Leopold and Emmett, 1976). Robinson (1976) actually found that bed material (by 

d84) in urban watersheds could be up to four times greater than in paired rural watersheds, 

though movement of the particles was not addressed. Bed-load transport data can vary 

widely, even over similar flow rates in the same channel, showing greater rates for some 

smaller discharges and similar seemingly unpredictable behavior (Leopold and Emmett, 

1977). A search for a standardized bed-load sampling method is currently under 
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discussion with many methods from direct sampling to remote sensing are being 

evaluated (Ryan et al, 2005).  

 

With a basic understanding of the processes affecting channels in urbanizing watersheds, 

the potential for further research in this area becomes clear quickly. Accurate predictive 

models may be elusive due to the extensive variables affecting changes in these channels, 

but further investigation may provide an insight as to what currently overlooked variables 

are pertinent in predicting natural restabilization or alternative methods of stabilizing 

these channels. Methods of predicting anthropogenic sediment, prediction of bed-load 

sediment cutoff by percent impervious, and a more accurate and simple method of 

approximating routing between impervious areas without extensive modelling are just a 

few areas of research which could provide valuable insight on the process side of erosion 

and sedimentation in streams located in urban or urbanizing watersheds. 
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Appendix B: Site Cross-Sections
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Figure 11: Beaver Creek Cross Sections 
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Figure 12: Cox Creek Cross Sections 
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Figure 13: First Creek Cross Sections 
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Figure 14: Hines Branch Cross Sections 
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Knob Fork XS-DS
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Figure 15: Knob Fork Cross Sections 
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Lammie Branch XS-DS
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Figure 16: Lammie Branch Cross Sections 
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Figure 17: Meadow Branch Cross Sections 
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Mill Branch XS-DS
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Figure 18: Mill Branch Cross Sections 
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Figure 19: Plumb Creek Cross Sections 
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Suckstone Creek XS-US
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Figure 20: Suckstone Creek Cross Sections 
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Third Creek XS-DS
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Figure 21: Third Creek Cross Sections 
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Figure 22: Willow Fork Cross Sections 
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Appendix C: Site Pebble Counts 
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Table 5: Beaver Creek Pebble Count 

1 4 6 7 10

2 4 6 7 10

3 4 6 8 10

3 5 6 8 10

3 5 6 8 10 patchiness: 100% τcompetence

3 5 6 8 10 d15= 4 0.058

3 5 6 8 11 d35= 5 0.083

3 5 6 9 11 d50= 6 0.103

3 5 6 9 11 d85= 10 0.182

3 5 6 9 11 dmax= 18 0.328

3 5 6 9 11

3 5 6 9 11

3 5 7 9 11

4 5 7 9 12

4 5 7 9 13

4 6 7 10 13

4 6 7 10 13

4 6 7 10 14

4 6 7 10 16

4 6 7 10 18

Pebble Count (mm)
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Table 6:  Cox Creek Pebble Count 

3 12 17 27 46

3 12 17 27 48

3 13 19 27 57

4 13 19 28 62 patchiness: 95% τcompetence

5 13 19 29 64 d15= 9 0.164

6 14 20 30 66 d35= 16 0.292

6 14 21 31 69 d50= 22 0.401

6 14 21 31 73 d85= 64 1.167

7 14 21 31 73 dmax= 122 2.189

7 14 22 33 73

8 15 22 34 81

8 15 23 35 87

9 16 23 37 87

9 16 23 38 92

9 16 23 39 94

10 16 24 41 97

10 17 26 41 98

10 17 26 41 109

11 17 27 44 121

11 17 27 45 122

Pebble Count (mm)
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Table 7: First Creek Pebble Count 

2 6 11 21 51

4 6 11 21 55

4 7 11 22 56

4 7 12 22 60 patchiness: 90% τcompetence

4 7 13 23 62 d15= 6 0.103

4 7 14 23 63 d35= 9 0.164

5 7 14 23 66 d50= 15 0.274

5 7 14 24 66 d85= 62 1.131

5 8 15 26 71 dmax= 225 2.189

5 8 15 28 73

5 8 15 30 73

5 9 15 30 93

5 9 16 31 94

6 9 17 41 103

6 9 18 44 108

6 10 19 44 136

6 10 19 45 150

6 10 20 45 163

6 10 20 45 186

6 11 21 47 225

Pebble Count (mm)
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Table 8: Hines Branch Pebble Count 

3 11 18 26 38

4 11 19 27 38

5 11 19 27 39

6 12 19 27 41 patchiness: 95% τcompetence

7 12 20 27 42 d15= 9 0.164169

7 12 20 28 42 d35= 16 0.291855

7 12 21 28 43 d50= 21 0.38306

7 13 21 28 43 d85= 42 0.76612

8 13 21 29 44 dmax= 143 2.188913

8 14 21 29 49

8 14 23 33 50

9 14 23 34 61

9 15 23 34 66

9 16 23 34 68

9 16 24 35 69

9 16 24 36 72

10 17 26 37 82

10 17 26 38 99

10 17 26 38 132

11 18 26 38 143

Pebble Count (mm)
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Table 9: Knob Fork Pebble Count 

1 5 15 21 28

1 5 15 22 28

2 6 15 22 29

2 6 17 22 30 patchiness: 80% τcompetence

2 6 17 22 32 d15= 4 0.058

2 6 17 23 34 d35= 11 0.201

2 7 18 23 35 d50= 18 0.328

2 7 18 24 35 d85= 32 0.584

3 8 18 24 37 dmax= 195 2.189

3 8 18 24 38

3 9 19 24 39

3 9 19 24 39

3 10 19 25 41

4 10 19 25 45

4 11 19 26 54

4 12 19 26 55

5 13 20 27 57

5 13 21 27 94

5 14 21 27 182

5 14 21 28 195

Pebble Count (mm)
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Table 10: Lammie Branch Pebble Count 

2 9 17 25 44

2 10 18 27 44

4 11 18 28 45

5 11 19 29 45 patchiness: 85% τcompetence

6 11 19 30 46 d15= 8 0.146

6 11 20 30 47 d35= 14 0.255

6 12 20 31 48 d50= 21 0.383

6 12 21 32 49 d85= 46 0.839

7 12 21 32 51 dmax= 303 2.189

7 12 21 33 56

7 13 22 33 56

7 14 22 34 57

8 14 23 34 60

8 14 23 35 61

8 14 23 37 61

8 15 23 40 75

8 15 23 42 81

9 16 24 42 88

9 16 24 43 92

9 17 25 43 303

Pebble Count (mm)
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Table 11: Meadow Branch Pebble Count 

3 8 13 18 26

3 8 13 18 26

4 9 13 18 27

5 9 14 19 27 patchiness: 85% τcompetence

5 9 14 19 27 d15= 7 0.128

5 9 16 20 28 d35= 11 0.201

5 9 16 20 28 d50= 16 0.292

6 10 16 20 30 d85= 27 0.493

6 10 16 21 31 dmax= 72 1.313

6 10 16 22 33

6 10 17 22 34

6 11 17 22 34

6 11 17 22 35

7 11 18 22 36

7 11 18 22 36

7 11 18 23 40

7 11 18 24 46

8 11 18 25 47

8 12 18 25 51

8 12 18 26 72

Pebble Count (mm)
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Table 12: Mill Branch Pebble Count 

4 12 18 28 39

4 12 19 28 39

5 12 19 28 39

6 12 20 29 42 patchiness: 80% τcompetence

6 13 20 29 43 d15= 10 0.182

7 13 20 29 45 d35= 17 0.310

7 14 21 29 45 d50= 22 0.401

7 14 21 30 45 d85= 43 0.784

8 14 22 31 47 dmax= 233 2.189

9 15 22 31 48

9 15 22 31 48

9 16 23 31 54

9 16 23 31 58

10 16 24 33 68

10 17 24 33 81

11 17 24 33 87

11 17 25 35 113

11 18 26 35 145

12 18 27 35 167

12 18 28 36 233

Pebble Count (mm)
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Table 13: Plumb Creek Pebble Count 

1 3 8 14 19

1 3 9 14 21

1 3 9 14 21

1 4 9 14 23 patchiness: 90% τcompetence

1 4 9 14 23 d15= 2 0.024

1 4 10 14 23 d35= 5 0.083

1 4 11 14 24 d50= 11 0.201

1 4 11 15 25 d85= 23 0.420

2 4 11 15 26 dmax= 60 1.094

2 4 11 15 26

2 4 12 15 27

2 5 12 16 28

2 5 12 16 29

2 5 12 16 30

2 5 12 17 30

3 6 12 18 31

3 6 13 18 35

3 6 13 18 36

3 6 13 18 41

3 7 13 19 60

Pebble Count (mm)
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Table 14: Suckstone Creek Pebble Count 

2 11 23 36 72

3 12 24 38 72

3 12 25 38 75

4 14 25 39 78 patchiness: 80% τcompetence

6 14 25 43 81 d15= 8 0.145928

6 14 26 49 84 d35= 20 0.364819

6 15 26 49 86 d50= 27 0.492506

6 15 26 51 89 d85= 81 1.477517

7 16 26 51 93 dmax= 293 2.188913

7 16 27 55 95

7 17 28 55 97

8 18 28 56 118

8 19 28 56 123

8 19 28 57 126

8 20 32 65 159

9 20 32 67 169

10 20 33 68 173

10 21 35 68 176

11 23 35 70 220

11 23 36 71 293

Pebble Count (mm)
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Table 15: Third Creek Pebble Count 

4 7 9 12 17

4 7 9 12 18

4 7 9 12 18

4 7 9 13 19 patchiness: 90% τcompetence

4 7 9 14 19 d15= 6 0.103

5 7 10 14 20 d35= 8 0.146

5 7 10 14 20 d50= 11 0.201

5 7 10 14 20 d85= 19 0.347

5 8 10 14 20 dmax= 163 2.189

5 8 11 14 20

5 8 11 15 22

6 8 11 15 22

6 8 11 15 23

6 8 11 16 24

6 8 11 16 25

6 8 12 16 27

6 8 12 16 29

6 8 12 16 36

6 9 12 17 123

7 9 12 17 163

Pebble Count (mm)
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Table 16: Willow Fork Pebble Count 

2 6 10 14 18

2 6 10 14 18

3 7 10 14 19

3 7 10 14 19 patchiness: 100% τcompetence

3 7 11 14 19 d15= 5 0.083

3 7 11 14 19 d35= 9 0.164

4 7 11 14 21 d50= 11 0.201

4 7 11 14 22 d85= 19 0.347

4 7 11 14 22 dmax= 44 0.803

4 7 11 15 22

4 8 12 15 22

4 8 12 15 23

5 8 12 16 23

5 9 12 16 25

5 9 12 16 26

5 9 12 17 27

5 9 13 17 28

5 9 13 17 35

6 9 13 18 39

6 9 14 18 44

Pebble Count (mm)
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Appendix D: Bed-load Sample P.S.D.’s
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Table 17: Maximum Sampled Particle Size Summary 

 

Site Location Storm Date dmax (mm)

3rd Creek 11/14/2008 39

3rd Creek 12/10/2008 22

Beaver Creek 12/10/2008 18

Willow Fork 12/10/2008 17

Cox Creek 12/10/2008 34

3rd Creek 1/7/2009 47

Beaver Creek 1/7/2009 10

Willow Fork 1/7/2009 34

Lammie Branch 1/7/2009 37

Cox Creek 1/7/2009 27

Hines Branch 1/7/2009 37

Cox Creek 1/28/2009 42

Hines Branch 1/28/2009 22

Meadow Branch 3/28/2009 24

Cox Creek 3/28/2009 25

Mill Branch 3/28/2009 42

Suckstone Creek 3/28/2009 36

Knob Fork 3/28/2009 44  
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Table 18: 3rd Creek Sample 11/14/2008 

Sample Location 3rd Creek

Storm Date 11/14/2008

Total Sample Mass 1896.6

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

4 4.75 526.4 684.2 157.8 8.320152 8.320152 91.67985

10 2 561.8 704.9 143.1 7.545081 15.86523 84.13477

16 1.18 428.3 628.6 200.3 10.561 26.42624 73.57376

20 0.85 413.2 790.3 377.1 19.88295 46.30918 53.69082

30 0.6 577.8 1047.7 469.9 24.77591 71.0851 28.9149

40 0.425 575.3 890.3 315 16.60867 87.69377 12.30623

50 0.3 448.9 570.7 121.8 6.422018 94.11579 5.884214

100 0.15 341.8 413.2 71.4 3.764631 97.88042 2.119582

200 0.075 334.1 357.1 23 1.212696 99.09311 0.906886

pan 412.7 429.9 17.2 0.906886 100 0
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1 8 9 6 . 6 1 0 0

3rd Creek- 11/14/08

0

10

20

30

40

50

60

70

80

90

100

0.010.1110

Sieve Opening (mm)

P
e

rc
e

n
t 

P
a

s
s

in
g

 

  



 79 

Table 19: 3rd Creek Sample 12/10/2008 

Sample Location 3rd Creek

Storm Date 12/10/2008

Total Sample Mass 1055.9

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

4 4.75 526.4 587.9 61.5 5.824415 5.824415 94.17558

10 2 561.8 668 106.2 10.05777 15.88219 84.11781

16 1.18 428.3 544 115.7 10.95748 26.83966 73.16034

20 0.85 413.2 520.5 107.3 10.16195 37.00161 62.99839

30 0.6 578 703.9 125.9 11.92348 48.92509 51.07491

40 0.425 575.3 722.4 147.1 13.93124 62.85633 37.14367

50 0.3 448.8 573 124.2 11.76248 74.61881 25.38119

100 0.15 341.5 519.1 177.6 16.81977 91.43858 8.561417

200 0.075 334 393.7 59.7 5.653945 97.09253 2.907472

pan 412.7 443.4 30.7 2.907472 100 0

Σ
1 0 5 5 . 9 1 0 0
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Table 20: 3rd Creek Sample 1/7/2009 

Sample Location 3rd Creek

Storm Date 1/7/2009

Trap Type wrc

Total Sample Mass 2017.1

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

3/8" 9.75 813.8 888.9 75.1 3.723167 3.723167 96.27683

4 4.75 526.2 649.8 123.6 6.127609 9.850776 90.14922

10 2 561.8 694.4 132.6 6.573794 16.42457 83.57543

16 1.18 428.4 507.1 78.7 3.901641 20.32621 79.67379

20 0.85 413.8 577.4 163.6 8.110654 28.43686 71.56314

30 0.6 577.9 837.1 259.2 12.85013 41.287 58.713

40 0.425 575.4 1015 439.6 21.79366 63.08066 36.91934

50 0.3 448.9 708.3 259.4 12.86005 75.94071 24.05929

100 0.15 341.6 695.8 354.2 17.55986 93.50057 6.49943

200 0.075 334 422.7 88.7 4.397402 97.89797 2.102028

pan 412.6 455 42.4 2.102028 100 0

Σ
2 0 1 7 . 1 1 0 0
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Table 21: Beaver Creek Sample 12/10/2009 

Sample Location Beaver Creek

Storm Date 12/10/2008

Trap Type dhj

Total Sample Mass 1611.3

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

3/8" 9.75 813.7 813.7 0 0 0 100

4 4.75 526.1 532.2 6.1 0.378576 0.378576 99.62142

10 2 562.1 637.3 75.2 4.667039 5.045615 94.95438

16 1.18 428.3 559 130.7 8.111463 13.15708 86.84292

20 0.85 413.1 692.1 279 17.31521 30.47229 69.52771

30 0.6 577.4 871.2 293.8 18.23372 48.70601 51.29399

40 0.425 575.1 783.5 208.4 12.93366 61.63967 38.36033

50 0.3 448.7 594.4 145.7 9.042388 70.68206 29.31794

100 0.15 341.5 557.1 215.6 13.3805 84.06256 15.93744

200 0.075 333.9 495.1 161.2 10.00434 94.0669 5.933097

pan 412.5 508.1 95.6 5.933097 100 0

Σ
1 6 1 1 . 3 1 0 0
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Table 22: Beaver Creek Sample 1/7/2009 

Sample Location Beaver Creek

Storm Date 1/7/2009

Trap Type wrc

Total Sample Mass 1580.8

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

4 4.75 526.1 535 8.9 0.563006 0.563006 99.43699

10 2 562 597.1 35.1 2.220395 2.783401 97.2166

16 1.18 428.6 507.7 79.1 5.003796 7.787196 92.2128

20 0.85 413.4 863.3 449.9 28.46027 36.24747 63.75253

30 0.6 577.6 941.6 364 23.02632 59.27379 40.72621

40 0.425 575.7 755.2 179.5 11.35501 70.6288 29.3712

50 0.3 448.8 561.2 112.4 7.110324 77.73912 22.26088

100 0.15 341.6 509.1 167.5 10.5959 88.33502 11.66498

200 0.075 334 452.9 118.9 7.521508 95.85653 4.143472

pan 412.6 478.1 65.5 4.143472 100 0

Σ
1 5 8 0 . 8 1 0 0
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Table 23: Willow Fork Sample 12/10/2008 

Sample Location Willow Fork

Storm Date 12/10/2008

Trap Type dhj

Total Sample Mass 575.4

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

4 4.75 526.4 554.7 28.3 4.918318 4.918318 95.08168

10 2 561.9 604 42.1 7.316649 12.23497 87.76503

16 1.18 428.6 472.1 43.5 7.559958 19.79493 80.20507

20 0.85 413.3 452.1 38.8 6.743135 26.53806 73.46194

30 0.6 578 631.4 53.4 9.280501 35.81856 64.18144

40 0.425 575.3 650.6 75.3 13.08655 48.90511 51.09489

50 0.3 492.2 580.8 88.6 15.39798 64.30309 35.69691

100 0.15 341.4 500.4 159 27.63295 91.93604 8.063956

200 0.075 334 366.2 32.2 5.596107 97.53215 2.467848

pan 412.7 426.9 14.2 2.467848 100 0

Σ
5 7 5 . 4 1 0 0
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Table 24: Willow Fork Sample 1/7/2009 

Sample Location Willow Fork

Storm Date 1/7/2009

Trap Type wrc

Total Sample Mass 3291

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

3/8" 9.75 813.7 887.5 73.8 2.242479 2.242479 97.75752

4 4.75 526.3 595.3 69 2.096627 4.339107 95.66089

10 2 562 647.2 85.2 2.588879 6.927985 93.07201

16 1.18 428.3 498.1 69.8 2.120936 9.048921 90.95108

20 0.85 413.6 652.3 238.7 7.253115 16.30204 83.69796

30 0.6 577.7 899.9 322.2 9.790337 26.09237 73.90763

40 0.425 575.2 1368.7 793.5 24.11121 50.20359 49.79641

50 0.3 448.8 1287.2 838.4 25.47554 75.67912 24.32088

100 0.15 341.5 972 630.5 19.15831 94.83744 5.162565

200 0.075 334 447.1 113.1 3.436645 98.27408 1.725919

pan 412.6 469.4 56.8 1.725919 100 0
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3 2 9 1 1 0 0
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Table 25: Lammie Branch Sample 1/7/2009 

Sample Location Lammie Branch

Storm Date 1/7/2009

Trap Type wrc

Total Sample Mass 294.5

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

3/8" 9.75 813.7 880.2 66.5 22.58065 22.58065 77.41935

4 4.75 526.4 563.4 37 12.56367 35.14431 64.85569

10 2 562.3 583 20.7 7.028862 42.17317 57.82683

16 1.18 428.9 441.9 13 4.414261 46.58744 53.41256

20 0.85 414 418.6 4.6 1.561969 48.14941 51.85059

30 0.6 579 585.9 6.9 2.342954 50.49236 49.50764

40 0.425 576.2 590.5 14.3 4.855688 55.34805 44.65195

50 0.3 449.7 474 24.3 8.251273 63.59932 36.40068

100 0.15 342.3 402.5 60.2 20.44143 84.04075 15.95925

200 0.075 334.5 357.4 22.9 7.775891 91.81664 8.183362

pan 413 437.1 24.1 8.183362 100 0

Σ
2 9 4 . 5 1 0 0
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Table 26: Cox Creek Sample 12/10/2008 

Sample Location Cox Creek

Storm Date 12/10/2008

Trap Type dhj

Total Sample Mass 146.2

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

3/8" 9.75 813.6 885.4 71.8 49.11081 49.11081 50.88919

4 4.75 526 542.8 16.8 11.49111 60.60192 39.39808

10 2 562 576.7 14.7 10.05472 70.65663 29.34337

16 1.18 428.3 444.4 16.1 11.01231 81.66895 18.33105

20 0.85 413.4 418.1 4.7 3.214774 84.88372 15.11628

30 0.6 577.6 580.7 3.1 2.120383 87.0041 12.9959

40 0.425 575.3 577.8 2.5 1.709986 88.71409 11.28591

50 0.3 448.8 451.2 2.4 1.641587 90.35568 9.644323

100 0.15 341.4 346.6 5.2 3.556772 93.91245 6.087551

200 0.075 334 337.8 3.8 2.599179 96.51163 3.488372

pan 412.5 417.6 5.1 3.488372 100 0
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Table 27: Cox Creek Sample 1/7/2009 

Sample Location Cox Creek

Storm Date 1/7/2009

Trap Type wrc

Total Sample Mass 804.8

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

4 4.75 526.9 586.4 59.5 7.393141 7.393141 92.60686

10 2 562.3 595.2 32.9 4.087972 11.48111 88.51889

16 1.18 429 477.3 48.3 6.001491 17.4826 82.5174

20 0.85 414.3 526.2 111.9 13.90408 31.38668 68.61332

30 0.6 579.4 683.6 104.2 12.94732 44.334 55.666

40 0.425 576 661.5 85.5 10.62376 54.95775 45.04225

50 0.3 449.5 515.1 65.6 8.151093 63.10885 36.89115

100 0.15 341.9 468.6 126.7 15.74304 78.85189 21.14811

200 0.075 334.4 445.5 111.1 13.80467 92.65656 7.343439

pan 412.7 471.8 59.1 7.343439 100 0
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Table 28: Cox Creek Sample 1/28/2009 

Sample Location Cox Creek

Storm Date 1/28/2009

Trap Type wrc

Total Sample Mass 6136.5

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

3/8" 9.75 1627 2245.3 618.3 10.07578 10.07578 89.92422

4 4.75 1051.8 2293.6 1241.8 20.23629 30.31207 69.68793

10 2 1124 2442.1 1318.1 21.47967 51.79174 48.20826

16 1.18 833.8 1589.6 755.8 12.31647 64.10821 35.89179

20 0.85 851.8 1057.9 206.1 3.358592 67.4668 32.5332

30 0.6 1154 1344.5 190.5 3.104375 70.57117 29.42883

40 0.425 769.4 947.1 177.7 2.895788 73.46696 26.53304

50 0.3 902 1043.3 141.3 2.302615 75.76958 24.23042

100 0.15 705.2 1316.8 611.6 9.966593 85.73617 14.26383

200 0.075 667 1039.1 372.1 6.063717 91.79989 8.200114

pan 759 1262.2 503.2 8.200114 100 0

Σ
6 1 3 6 . 5 1 0 0

Cox Creek- 12/10/08

0

10

20

30

40

50

60

70

80

90

100

0.010.1110

Sieve Opening (mm)

P
e
rc

e
n

t 
P

a
s
s
in

g

 

  



 89 

Table 29: Hines Branch Sample 1/7/2009 

Sample Location Hines Branch

Storm Date 1/7/2009

Trap Type wrc

Total Sample Mass 1317.2

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

3/8" 9.75 813.6 906.3 92.7 7.037656 7.037656 92.96234

4 4.75 526.1 555.2 29.1 2.209232 9.246887 90.75311

10 2 562 601.5 39.5 2.998785 12.24567 87.75433

16 1.18 428.3 495.1 66.8 5.071363 17.31704 82.68296

20 0.85 413.4 497.7 84.3 6.399939 23.71698 76.28302

30 0.6 577.6 683.7 106.1 8.054965 31.77194 68.22806

40 0.425 575.4 712.5 137.1 10.40844 42.18038 57.81962

50 0.3 449 562.5 113.5 8.616763 50.79715 49.20285

100 0.15 341.7 566.9 225.2 17.09687 67.89402 32.10598

200 0.075 334.1 602.5 268.4 20.37656 88.27057 11.72943

pan 412.6 567.1 154.5 11.72943 100 0

Σ
1 3 1 7 . 2 1 0 0
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Table 30: Hines Branch Sample 1/28/2009 

Sample Location Hines Branch

Storm Date 1/28/2009

Trap Type wrc

Total Sample Mass 240.7

ASTM 

Sieve #

Sieve Opening 

(mm) Sieve Mass (g)

Sieve and 

Soil Mass (g)

Mass 

Retained (g)

Percent 

Retained

Cumm. % 

Retained

Percent 

Passing

3/8" 9.75 813.5 848 34.5 14.33319 14.33319 85.66681

4 4.75 525.9 588.2 62.3 25.88284 40.21604 59.78396

10 2 562 592.8 30.8 12.79601 53.01205 46.98795

16 1.18 416.9 426.9 10 4.154549 57.1666 42.8334

20 0.85 425.9 428.7 2.8 1.163274 58.32987 41.67013

30 0.6 577 582 5 2.077275 60.40715 39.59285

40 0.425 384.7 391.4 6.7 2.783548 63.19069 36.80931

50 0.3 451 458 7 2.908184 66.09888 33.90112

100 0.15 352.6 374.2 21.6 8.973826 75.0727 24.9273

200 0.075 333.5 365.4 31.9 13.25301 88.32572 11.67428

pan 379.5 407.6 28.1 11.67428 100 0
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Hines Branch- 1/07/09

0

10

20

30

40

50

60

70

80

90

100

0.010.1110

Sieve Opening (mm)

P
e
rc

e
n

t 
P

a
s
s
in

g

 



 91 

Appendix E: Crest Stage Gage and Bed-load Trap 

Construction/Performance 
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Crest-Stage Gage Construction 

 

In preparing to gather data, USGS Type A and C Crest-Stage Gages were investigated. 

The simplicity in measuring the crest stage on the staff was an advantage; however the 

complexity of constructing these gages led to the design of a simpler device operating 

with similar principles. Instead of a galvanized steel or polyvinyl chloride (PVC) pipe 

housing a staff to which granulated cork adheres a clear, hard, impact resistant plastic 

pipe was used. The granulated cork adhered to the inside of the pipe in a similar manner 

as it did to the staff in the USGS gage and could be marked and surveyed to the cross 

section benchmark following the flow events. The pipe used was 1 inch inner diameter 

with a wall thickness of 1/8 inch. A screen was attached with worm screw type clamps to 

the bottom to hold the granulated cork if the stage fell below the bottom of the pipe. A 

tight fitting, removable plastic cap was fitted to the top to ensure that rain did not wash 

the granulated cork from the peak stage mark. Finally, a small vent hole was drilled just 

below the cap. Twenty four of these recorders were assembled and installed during the 

course of the data collection. A new crest stage can be seen in the following figure. This 

is represented by the ring of granulated cork near the top of the photograph. A previous 

peak stage is also marked in the photograph.  
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Figure 23: New Peak Stage (top of photo) on Peak Stage Gage 
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Portable Bed-Load Trap Construction 

With the number of research sites and samples required in the course of this research, a 

bed-load sampling method that did not require personnel on site through the sampling 

event was required. With bedrock at shallow depths at some sites, portable bed-load traps 

after Bunte (2004) were chosen over pit-traps similar to Wilcock (2001). The general 

concept of the portable bed-load traps is a frame that can be affixed to the bed with a net 

trailing downstream to capture material moving along the bed. The traps were 

constructed in the Civil and Environmental Machine Shop at the University of Tennessee 

Knoxville. The frame was constructed of 5/16” by 3 1/2” aluminum bar stock and the 

screen retaining bars were 1/8” by 1” aluminum bar stock. The netting was a nylon type 

with .05” square openings and was reinforced with a more coarse and substantial outer 

net. After the materials were cut to length, holes were drilled and tapped where 

appropriate on a vertical end mill. Frames were assembled using gas tungsten arc welding 

(GTAW) and netting was attached with the screen retaining bars. Nine bed-load traps 

were constructed for this project. An assembled bed-load trap can be seen in Figure 2 in 

the body of the text.  
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Portable Bed-load Trap Performance 

Since the portable bed-load trap design that was used as a basis for the design of traps 

used in this project was developed for use in high gradient, gravel and cobble bed streams 

in the West, performance of the traps in lower gradient, sand and gravel bed streams in 

the predominantly deciduous East was of interest. Trap installation is easily 

accomplished, being attached to the bed with #8 rebar with a 3/4” washer welded to the 

end. The traps were able to sample through the duration of the runoff events, with the 

nets being four feet long with a circumference of 30”. During the Fall, when large 

amounts of leaf litter were present in the streams, processing of the samples was very 

time intensive. Methods for removing organic matter from the sediment samples 

discussed in section 2.2.3, ranged from 2.5 to 5 hours per sample when organic matter 

was present. In the late winter samples, when much of the leaf litter had dissipated, 

sample processing time dropped dramatically. A further effect of the leaf litter was a 

corresponding increase in percent fine material present in samples with high levels of 

organics. Further study of the interaction between saturated organics and fine bed-load 

transport may be of interest in the future. Information gathered in this study was 

insufficient to determine if there were physical processes on the bed leading to the 

increase of fines in the samples, or if the leaf litter merely provided a source of storage 

for the fines in the bed-load traps.  
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Appendix F: GIS Procedures and Site Watershed Maps 



 97 

GIS Procedures 

 

The following section outlines the procedures followed to compile watershed 

characteristics for the watershed above each research site. Table 1  in the body of the text 

shows the data sources used in this process. All terms used are appropriate for ESRI’s 

ArcMAP software, version 9.3 and commands are referenced as they would be found 

through the Arc Toolbox interface. 

Watershed Delineation: 

 Load the National Elevation Dataset digital elevation model (DEM), National 

Landcover Database Impervious layer, and the National Atlas roads. 

 Fill depressions in the DEM with Spatial Analyst Tools → Hydrology → Fill 

 Produce flow direction raster from DEM using Spatial Analyst Tools → 

Hydrology → Flow Direction 

 Produce flow accumulation raster from flow direction raster using Spatial 

Analyst Tools → Hydrology → Flow Accumulation 

 Delineate watersheds using site location points and flow accumulation raster 

with Spatial Analyst Tools → Hydrology → Watershed 

 Convert watershed rasters to shapefiles for ease of manipulation of watershed 

scale data using Conversion Tools → From Raster → Raster to Polygon 

Determination of Impervious Area:  

The following processes were performed for each watershed. 

 Reduce Impervious raster to only what is included in watershed using 

watershed polygon and impervious raster with Analysis Tools → Extract → 

Clip 
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 Export value and count data from watershed impervious raster. These 

represent, respectively, percentages from 0 to 100 impervious and the number 

of cells for each percentage. 

 In Microsoft Excel, the cell count for each class was multiplied by percent 

impervious and by size (30m x 30m) and summed to provide total impervious 

area for the watershed. This value was converted to acres. 

 The total number of cells was multiplied by cell size (30m x 30m) and 

converted to acres.  

 Total percent impervious for the watershed was calculated from Total 

impervious area and total area. 

Roads in 50ft Buffer: 

The following processes were performed for each watershed. 

 A 50ft buffer was placed around roads using National Atlas Roads shapefile 

by Analysis Tools → Proximity → Buffer 

 National Atlas Roads shapefile transformed to contain only roads within the 

buffer using the Roads shapefile and buffer shapefile from previous step by 

Analysis Tools → Extract → Clip 

 Roads in buffer shapefile reduced to those found in the watershed using Roads 

in buffer shapefile and watershed shapefile by Analysis Tools → Extract → 

Clip 

 Length attributes for Roads in buffer for watershed were exported to 

Microsoft Excel and summed. 
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Mapping for Display 

The following processes were performed for each watershed. 

 Flow accumulation raster was reclassified so that contributing area above 

16385 cells have a value of 1 and below 16385 have a value of 0. This is 

based on field observations in the headwaters of the watershed where the 

streams first exhibit baseflow. 

 The reclassified flow accumulation raster was converted to a shapefile for 

ease of displaying in watershed maps using Conversion Tools → From Raster 

→ Raster to Polyline 

 Watershed boundaries, flow accumulation shapefiles, and impervious rasters 

were used to produce final watershed maps. 
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Figure 24: Upper Beaver Creek Watershed Map
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Figure 25: Cox Creek Watershed Map
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Figure 26: First Creek Watershed Map
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Figure 27: Hines Branch Watershed Map
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Figure 28: Knob Fork Watershed Map
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Figure 29: Lammie Branch Watershed Map
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Figure 30: Meadow Branch Watershed Map
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Figure 31: Mill Branch Watershed Map
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Figure 32: Plumb Creek Watershed Map
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Figure 33: Suckstone Creek Watershed Map
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Figure 34: Third Creek Watershed Map
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Figure 35: Willow Fork Watershed Map
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Appendix G: Scatterplot Matrices 
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Figure 36: Watershed Characteristics with Pebble Count Data Scatterplot Matrix 

  

0

4000

8000

0

10

20

0

0.005

0.01

0

400

800

0.8

0.9

3

6

8

5

10

15

5

15

20

0

20

40

60

0

100

200

Area

0 4000

% Impervious

0 5 15 25

Reach Slope

0 0.005

Length of
Roads In Buffer

0 400 1000

Patchiness

0.8 0.9

PC d15

3 5 7 9

PC d35

5 10 15

PC d50

5 10 20

PC d85

0 20 40 60

PC dmax

0 100 250



 114 

 

 

 

 

Figure 37: Watershed Characteristics with Bed-load Sample Data Scatterplot Matrix 
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Figure 38: n* with Pebble Count Data Scatterplot Matrix 
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