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ABSTRACT 

 
One of the most critical aspects of stream restoration is the creation of suitable aquatic 

habitat. Much of this work is accomplished through the installation of both hard and soft in-

stream structures. The structural stability of these practices has been well studied and monitored 

for decades. However, the evaluation of habitat potential of these structures has remained almost 

entirely qualitative and categorical. 

The objective of this study aimed to fill this void by quantitatively evaluating the habitat 

potential of a variety of common in-stream restoration structures and bend treatments in Western 

North Carolina through the measurement of common habitat features such as pool depth and 

length, distance to cover, and depth of cover (or undercut), with the ultimate goal of providing 

design recommendations for stream restoration projects listing habitat enhancement as a top 

priority. 

In analyzing the results of the study, high habitat quality was defined by large pool depths 

(for increased niche space and low flow velocities), small distances to cover, (for faster escape 

from predation), and large cover depth or undercut values, (for shelter, predation, and rearing). 

Collectively, soft structures provided the deepest pool depths, with shorter distances to cover and 

larger cover depth values than their fellow hard in-stream structures. Likewise, bend treatment 

groups containing soft in-stream structures also excelled in these areas. Bends containing hard 

structures produced much higher pool lengths, in many cases longer than the curvature of the 

bend itself. 

Design goals based on habitat enhancement of small streams should focus heavily on the 

installation of rootwad revetments and cover logs for creation of deeper pools with increased 

flow variation and increased cover depth. In addition, both these structures will also serve to 

promote the acquirement and continued recruitment of large and small woody debris into the 

streams. Where hardened structures are deemed necessary for structural or hydrologic purposes, 

they should be accompanied by soft in-stream structures to create combination bends to 

supplement habitat within these areas.  

 1



 
 

TABLE OF CONTENTS 
 
 

LIST OF FIGURES ..............................................................................................................3 
 

LIST OF TABLES ...............................................................................................................3 
 

INTRODUCTION ................................................................................................................4 
Background ..........................................................................................................................5 

   Stream Dynamics ......................................................................................................5 
Degradation of Streams ............................................................................................5 
Stream Management and Restoration .......................................................................6 

Habitat Enhancement Objectives .........................................................................................7 
Project Goals ........................................................................................................................7 
In-Stream Structures .............................................................................................................8 
Regional Importance of Habitat Enhancement ....................................................................9 
Habitat Preferences of Fish ..................................................................................................9 

Fish Species within Study Region ..........................................................................11 
Existing Habitat Indices .....................................................................................................11 
Objectives ...........................................................................................................................12 

 
MATERIAL AND METHODS .........................................................................................13 
Site Description ..................................................................................................................13 

Kraft Reach .............................................................................................................14 
Darnell Reach .........................................................................................................16 
Hanging Rock Creek ..............................................................................................18 
Hoppers Creek ........................................................................................................20 

Field Data Collection .........................................................................................................24 
Materials .................................................................................................................24 
Methodology ...........................................................................................................25 

Calculations……. ...............................................................................................................28 
Morphological Ratios .............................................................................................28 

Analysis ..............................................................................................................................28 
Confounding Variables ...........................................................................................28 

Statistical Analysis….. .......................................................................................................31 
 

RESULTS ..........................................................................................................................33   
Confounding Variables ......................................................................................................33   

Radius of Curvature and Meander Arc Length.......................................................33   
Bed Material............................................................................................................34   

Pool Quality by Individual Structure..................................................................................35   
Pool Depth..............................................................................................................35 
Distance to Cover...................................................................................................36 
Cover Depth............................................................................................................37 

 2



Pool Quality by Bend Treatment Groups...........................................................................39 
Pool Depth..............................................................................................................39 
Distance to Cover...................................................................................................39 
Cover Depth…………………................................................................................40 
Pool Length............................................................................................................42 

 
DISCUSSION ...................................................................................................................45 
Habitat Suitability of In-Stream Structures........................................................................45 

Depth.......................................................................................................................45 
Distance to Cover...................................................................................................46 
Cover Depth…….…...............................................................................................47 

Habitat Suitability of Bend Treatment Groups..................................................................47 
Depth…………………..........................................................................................48 
Distance to Cover...................................................................................................48 
Cover Depth…........................................................................................................49 
Pool Length…………............................................................................................49 

Design Recommendations…….........................................................................................51 
Stability versus Habitat Issues - Rootwad Revetments..........................................51 
Importance of Large Woody Debris.......................................................................52 
Pool Length and Compound Pools.........................................................................52 

Limitations and Future Study……....................................................................................53 
Effects of Aging.….................................................................................................53 
Stream Size….........................................................................................................53 
Longevity of Wood Structures...............................................................................53 
Additional Habitat Variables..................................................................................54 
N Values– Study Expansion...................................................................................55 
Sedimentation of Hoppers Creek…........................................................................55 
Fish and Benthos Data............................................................................................55 

 
ACKNOWLEDGEMENTS …………………………………………………………..…57 
REFERENCES ……………………………………………………………………….…58 

 
APPENDIX A – RAW DATA ………….….....................................................................64 
APPENDIX B – BEND LONGITUDINAL PROFILES AND PHOTOS.........................87 
APPENDIX C – IN-STREAM STRUCTURE DESCRIPTION AND DESIGN............103 

 

 3



 
LIST OF FIGURES 

 
1: Factors controlling the balance of stream equilibrium…….…… ……….………………….…...5 
2: Map of North Carolina counties…………………..……………...…………...………………...13 
3: Aerial site map of Mitchell River Watershed restoration sites….......…...……………………...14 
4: Aerial site map of Kraft Reach restoration site…………………………….………...................15 
5: As-built design plan sheet for Kraft Reach…………………………..………...…….................16 
6: Aerial site map of Darnell Reach restoration site ………………………...…........…………….17 
7: As-built design plan sheet for Darnell Reach …………………………………………………..18 
8: Aerial site map of Hanging Rock Creek restoration site ………………………..…...................19 
9: As-built design plan sheet for Hanging Rock Creek.……………………………...…………....19 
10: Aerial site map of Hoppers Creek restoration site ……………………………..…...................21 
11: As-built design plan sheet for Hopper Creek. …………………………………....…………...22 
12: As-built design plan sheet for P5 section of Hoppers Creek ………………...…..................…22 
13: As-built design plan sheet for P6 section of Hoppers Creek…………………………………..23 
14: As-built design plan sheet for P7 section of Hoppers Creek. …………………..……………..23 
15: Stream planform characteristics a) radius of curvature and b) meander arc length…………...25 
16: Depiction of chord-midordinate method for measuring radius of curvature………..................26 
17: Measurement of a) pool depth, b) distance to cover, c) cover depth or undercut……………..27 
18: Depiction of a riffle-pool system with meander and point bars…………………….................29 
18: Maximum scour depth ratio as a function of radius of curvature ratio………………………..30 
19: Radius of curvature ratio vs. maximum pool depth ratio of study site bends……....................33 
20: Meander arc length ratio vs. maximum pool depth ratio of study site bends….........................34 
21: Bed material values for study sites………….......…...………………….………......................35 
22: Box plots and table of depth values for in-stream structures…..……….………......................36 
23: Box plots and table of distance to cover values for in-stream structures.………......................37 
24: Box plots and table of cover depth values for in-stream structures.……………......................38 
25: Minimum, maximum, and average cover depths for in-stream structures.……........................38 
26: Box plots and table of depth values for bend treatment groups. ……………….......................39 
27: Box plots and table of distance to cover values for bend treatment groups. ….........................40 
28: Box plots and table of cover depth values for bend treatment groups. ……….........................41 
29: Minimum, maximum, and average cover depths for bend treatments groups……...................41 
30: Minimum, maximum, and average pool length values for bend treatment groups....................42 
31: Illustration of compound pool lengths for Hanging Rock Creek…...…………........................43 
32: Pool length normalized by meander arc length for bend treatment groups.…….......................44 
33: Illustration of topographic variation of streambeds using Total Station…….………...………50 

 
 

LIST OF TABLES 
 

1: Summary of the function, benefit, and habitat provided by in-stream structures…..…………..10 
2: Table of D16, D50, and D84 bed material values for each study site……………......................35 
3: Minimum, maximum, and average pool length values for bend treatment groups......................42 

 4



INTRODUCTION 
 
 
Background 
Stream Dynamics 

In order to assess stream restoration practices and techniques, it is essential to understand 

the dynamic nature of stream systems. Streams are constantly adapting to changes in sediment 

load and discharge through shifts in channel dimension and curvature. Figure 1 illustrates the 

influence of sediment load and hydrology on stream equilibrium. Extensive study of reference 

streams has allowed for the creation of equations and dimensionless ratios that can predict the 

dynamic shift within a stream due to these changes (Copeland et al., 2001; Rosgen, 1998a). 

 

 
Figure 1: Factors controlling the balance of stream equilibrium. (Source: Brown, 2000) 
 
 
Degradation of Streams 

Channelization and certain land use practices have caused extensive alterations in both 

hydrology and sediment load within streams. Activities within the study site areas such as land 

clearing for development, logging, and livestock grazing have caused large amounts of sediment 

to enter the stream from upstream sources. Streams have a fixed capacity for sediment transport. 

Above these levels, aggradation begins to occur, causing embeddedness of larger substrate and 

the filling of pools. Excessive, long-term sediment loads eventually causes streams to become 

shallower, wider, straighter, and steeper. Streams with these characteristics have been shown to 

contain the lowest levels of biotic integrity- measured in species richness, biomass, and 

diversity- when compared to more stable stream types (Rhoads et al., 2003). The embeddedness 
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caused by sedimentation eliminates critical space for fish spawning as well as macroinvertebrate 

habitat (Brown, 2000). 

Increased impervious surface from development upstream can cause increased discharge 

rates into the stream through overland runoff flow. This increased rate of flow can quickly lead 

to incision or downcutting of the stream. Once incised, stream depth can quickly increase to the 

point where flow can no longer overtop the banks during storm events. Thus, it further incises 

the stream, forcing a disconnection from the floodplain. Incising spreads quickly upstream in an 

attempt to reduce channel slope and flow velocity, leading to widespread bank destabilization 

along the reach (Brown, 2000). 
 

Stream Management and Restoration 

Past stream management focused mainly on confinement of the channel in order to 

protect property from flood damage. This involved the use of such “hard” engineering techniques 

such as concrete channels, culverts, pipes, and placement of rip-rap along the banks. While these 

techniques succeeded in most cases in confining stream flow within the channel, they caused 

extensive downstream flooding as well as effectively wiping out natural habitat elements such as 

cover and substrate within the stream. The U.S. Fish and Wildlife Service reported in 1984 that 

channel modification was noted as a limiting factor in 21.5% of 660,000 miles of perennial 

streams across the U.S. 

However, by the 1960’s trout stream improvement projects were beginning to gain rapid 

popularity, garnering academic interest as urbanization threatened an increasing number of 

streams across the nation. A 1992 National Water Quality Inventory of over 600,000 miles of 

rivers found that only 56 percent fully supported multiple uses, including drinking water supply, 

fish and wildlife habitat, flood prevention, etc (FISRWG, 1998). Today, stream improvement 

projects have gained extensive popularity across the globe, and techniques and practices are 

developing rapidly. The restoration field has now evolved to offer a multitude of techniques and 

structures that serve to promote formation of habitat, while additionally providing the essential 

functions of grade control, bank stability, and flow direction. Extensive research on stream 

restoration methodology and ecology has contributed to a broad knowledge base and resource for 

continued improvement in accomplishing a shared goal of environmental rehabilitation for our 

impaired waterways. 
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Habitat Enhancement Objectives 

One of the most critical aspects of stream restoration is the creation of suitable aquatic 

habitat. In addition to other stream function objectives such as bank stability, grade control, and 

hydrologic connection to the floodplain, creation or enhancement of aquatic habitat is listed as a 

top priority in nearly every stream restoration project across the United States. In the Pacific 

Northwest, for example, millions of dollars are spent annually on efforts to increase fish 

populations via watershed management and stream habitat restoration (Roni et al., 2001). Across 

the United States, billions of dollars are being spent on stream and river restoration (Palmer et 

al., 2003; Malakoff, 2004). Much of this work is accomplished through the installation of in-

stream structures such as rootwads, cross vanes, and cover logs in efforts to enhance habitat 

features such as pool size and depth, overhead cover, sediment transport capacity, and hydraulic 

complexity. 

The structural stability of these practices has been well studied and monitored for 

decades. However, the evaluation of habitat potential of these structures, as well as other forms 

of cover, has remained almost entirely qualitative and categorical. Although many restoration 

projects involved some form of habitat assessment, continued monitoring is poor, and an 

individual structure’s contribution to habitat enhancement is often ignored. A study by Brown, 

2000, revealed that, out of 24 different types of stream restoration practices installed in urban 

streams, less than 60% fully achieved even the most limited objectives for habitat enhancement. 

Some research suggests that this lack of habitat availability is more detrimental to fish 

recruitment than any other stream factor. Research in streams in Illinois has shown that habitat 

availability is the major limiting factor affecting composition of fish communities (Rhoads and 

Herricks, 1996). Other research indicates that complex habitat with abundant cover generally 

supports greater biodiversity than simple habitats that lack cover (Gorman and Karr, 1978; 

Benson and Magnuson, 1992). 

 

Project Goals 

The objective of this study aims to fill this void by quantitatively evaluating the habitat 

potential of a variety of common in-stream restoration structures in Western North Carolina 

through the measurement of common habitat features such as pool depth and length, distance to 
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cover, and depth of cover (or undercut).  In addition, the study also aims to evaluate the 

cumulative effects of multiple structures on habitat within each bend, with the ultimate goal of 

providing design recommendations for restoration projects listing habitat enhancement as a top 

priority. 

Few, if any, studies have attempted to make direct, quantitative measurements of distance 

to cover and depth of cover associated with restoration practices. Thus, the potential habitat, (as 

defined by pool geometry and cover), has yet to be quantified for an individual structure or 

combination of structures within a bend. Knowing and comparing these habitat “values” would 

be extremely beneficial for designers in determining which structures should be used in restored 

streams to fulfill habitat objectives. 

While it is important to assess habitat quality for the entirety of the reach (riffles, runs, 

glides, etc.), for the purpose of this study we will focus only on pool habitats and their associated 

structures. Pools are important components of aquatic habitat, contributing to hydraulic 

complexity through low-velocity, high depth conditions particularly during low flow. 

Additionally, pools represent zones of local bed scour caused by convergent flow in pool-riffle 

channels, and are commonly accompanied by depositional bars (Buffington et al., 2002). 
 

In-Stream Structures 

A wide variety of in-stream structures are utilized for both habitat enhancement and 

structural stability in restored streams. Each serve varying purposes, from grade control to bank 

stability to pool formation. Within the study sites selected for this project, there were 8 common 

in-stream structures utilized within the bends. These structures fell into two main groups- hard 

rock structures and soft wood structures. The hard structures included cross-vanes, J-hooks, rock 

vanes, and boulders, while the soft structures included rootwads, cover logs, log vanes, and 

woody debris. In addition, other practices such as transplants, livestakes, and bare-root plantings 

were associated with many of the bends. A summary of the functions and purpose of each 

structure is outlined in Table 1. More detailed descriptions and illustrations of these structures 

are provided in Appendix C. While the majority of bends within the study sites contained a 

combination of these structures, many bends were comprised of only one in-stream structure type 

(rootwads), with a few having no in-stream structures at all (no treatment). This variety offered 
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the potential to assess the varying degrees of habitat enhancement associated with different 

installation combinations within each bend. 
 

Regional Importance of Habitat Enhancement 

Creation and enhancement of aquatic habitat is an important component in stream 

restoration efforts within the state of North Carolina. The North Carolina Ecosystem 

Enhancement Program (NCEEP) lists the protection of “riparian habitat” as a top priority in their 

Mission Statement. The North Carolina Department of Water Quality (NCDWQ) requires a 

habitat assessment, complete with macroinvertebrate and fish monitoring, to fulfill requirements 

for compensatory stream restoration projects within the NC 401/Wetlands and Wetland 

Restoration Program. In addition, North Carolina Partners for Fish and Wildlife assist 

landowners in promotion and implementation of habitat improvement projects in streams and 

rivers. 

Currently, the aquatic habitat of North Carolina is home to an impressive array of 

freshwater species. The Blue Ridge Mountains of Western North Carolina lay claim to having 

the largest variety of fish, freshwater mussels and crayfish in the temperate world, with more 

than 230 fish species currently documented (Blue Ridge Forever, 2007). 

 

Habitat Preferences of Fish 

The relation between hydraulic habitat and fish community structure is well documented 

(Gorman and Karr, 1978; Schlosser, 1982; Bain et al, 1988; Poff and Allan, 1995). Habitat 

preferences of different fish species are related to mean depth, average velocity, and availability 

of refugia (cover) (Bovee, 1982). Fish have an affinity towards irregular stream features, such as 

large woody debris, boulders, undercut banks, and overhanging vegetation for food, 

reproduction, and shelter for fry and spawning adults (D'Aoust and Millar, 2000; NCDWQ, 

2002; Allen, 1996). 
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Table 1: Summary of the function, benefit, and habitat provided by in-stream structures.  (Sources: Rosgen, 
1998b; Rhoads et al., 2003; Center for Watershed Protection, www.stormwatercenter.net) 

In-stream Structures Present within Study Sites 

  Cross Vanes J-hooks Rock Vanes Boulders 

Function 

decreases stress, velocity, and 
power along the banks; 

increases energy in center of 
channel, moving high velocity 
gradients to center of stream; 

creates scour pool below invert 

reduces slope, velocity/velocity 
gradients, stream power and 

shear stress near the banks and 
increases them in the center of 
the channel; creation of scour 
pool; gaps between rocks in 
“hook” portion creates flow 

vortices that increase “center-
channel” shear stress 

flow deflection along the toe 
of the slope; grades down 
from bankfull elevation at 
the streambank to channel 

invert; redirects stream flow 
toward the center of the 

stream; creation of 
downstream scour pool 

flow deflection along toe of 
stream bank; used commonly 
in conjunction with rootwad 
revetments; when placed in-
stream creates small scour 

pools and energy dissipation 
of mid-channel flow 

Benefit 

reduces bank erosion; creates 
stable width/depth ratio; 

maintains channel capacity and 
sediment transport capacity; 

pool formation 

reduces bank erosion; sediment 
and debris transport competence; 
improves channel capacity; pool 
formation; maintains width/depth 
ratios; increases bankfull channel 

depth 

reduces erosion along the 
banks; pool formation 

reduces erosion at most 
vulnerable point of meander 

bend; provides lower and 
upper bank protection  

Habitat 

raises water surface of bank 
region; creation of holding and 

refuge cover in deep pools; 
creation of feeding lanes in 

flow separation zones; creation 
of spawning habitat in tail-out 

glide portion of pool 

holding cover for fish; flow 
separation zones; longer, wider 
pool formation; increased pool 

depth 

creation of downstream 
scour pools; narrowing and 
deepening of the baseflow 
channel; enhancement of 

riffle habitat along upstream 
side; cover in rock crevices 

creation of small pools; 
limited cover in variably-
shaped boulders, reduces 

sedimentation though bank 
protection 

          

  Log Vanes Cover Logs Rootwads Woody Debris 

Function 

flow deflection along the toe of 
the slope; grades down from 

bankfull elevation at the 
streambank to channel invert; 
redirects stream flow toward 

the center of the stream; 
creation of downstream scour 

pool 

provides aquatic fish cover; 
creation of velocity complexity 

and 3-D flow; pool scour 

deflection of flow against 
out meander bend; creation 
of velocity complexity and 
3-D flow; enhances pool 

depth from scour; provides 
cover 

creation of velocity 
complexity and 3-D flow; 
enhances pool depth from 

scour and obstruction of flow; 
provides cover 

Benefit reduces erosion along the 
banks; pool formation 

capture of small and large woody 
debris during flooding events; 

pool formation; creates pockets 
of low velocity flow 

reduces erosion along the 
banks; pool enhancement; 
capture of woody debris 
during flooding events 

reduces channel velocity; 
promotes pool formation, 
maintains channel widths 

Habitat 

creation of downstream scour 
pools; narrowing and deepening 

of the baseflow channel; 
enhancement of riffle habitat 
along upstream side; feeding 
source for macroinvertebrates 

creation of cover; pool 
formation; reduces velocities for 
feeding and cover during high 

flow events 

creation of cover within 
rootwads and from creation 

of undercut banks; pool 
enhancement; food source 

for macroinvertebrates 

provides extensive cover 
across width of channel, 
introduces new  feeding 

material, allows for increased 
niche space in around woody 

components 

 
The U.S. Fish and Wildlife Service’s habitat suitability index (HSI) curves indicate a 

general preference towards pool habitat for most fish, noting low suitabilities for depths less than 

 10



40 cm (1.2 ft) (Edwards et al., 1983). Affinity towards pool habitat is related to low current 

velocities, a higher chance of escape from predation, and an ability to divide into habitat 

“niches” along the water column (Bisson et al., 1987). In addition, a study by Rhodes et al., 2003 

revealed fish Index of Biotic Integrity (IBI) scores to be much lower in areas with lower 

variability in distribution of bed elevation and secondary velocity components. 

 

Fish Species within Study Region 

Common game species located within the study region include Brown, Brook, and 

Rainbow Trout as well as Smallmouth Bass. In general, the most stable trout populations are 

found in deep, slow pools (Lewis, 1969), and densities of trout populations tend to be positively 

correlated with amount of large woody debris present within the channel (Thurow, 1987). Pool 

depth and an abundance of complex covers are believed to be more attractive stream positions 

due to energetically profitable velocity reductions, decreased intraspecific competition, and 

protection from avian and mammalian predators (Dieterman et al., 2006).  

Habitat Suitability Index models produced by the U.S. Fish and Wildlife National 

Wetlands Research Center indicate that specific habitat requirements of all three trout species 

within the study region, as well as smallmouth bass, include clear, cold water; relatively silt-free 

gravel-rubble substrate in riffle-run areas; areas of slow, deep water; well-vegetated and stable 

stream banks; abundant in-stream cover; and a stable, moderate flow and temperature (Raleigh et 

al., 1982, 1984, and 1986; Edwards et al., 1983). 

 

Existing Habitat Indices 

To determine habitat suitability of restored stream systems, a number of habitat indices 

have been devised to determine such factors as amount of cover, pool depth and spacing, bank 

stability, riparian cover, etc. For the most part, habitat suitability criteria are based on habitat 

suitability index (HSI) curves. The habitat curves usually focus on depth, velocity, cover, and 

substrate to describe the habitat of a species (Persinger, 2003). Again, these measurements are 

generally rated qualitatively using a numbering scale from either 1-10 (USDA, 1998) or 0-3 

(Ohio EPA, 2006; MPCA, 2007), relying heavily on best professional judgment based on a series 

of possible answers (Brown, 2000). 
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Objectives 

To reiterate, the purpose of this study is to quantitatively derive measurements of habitat 

suitability and apply these techniques to determine the extent to which different in-stream 

structures provide adequate aquatic habitat. This was accomplished through measure of pool 

depth and length, distance to cover and cover depth, or undercut, of structure.  

There are three primary objectives to this study: 

1. To quantitatively determine habitat enhancement potential of in-stream structure. 

2. To quantitatively determine habitat enhancement potential of bend treatments. 

3. To provide design recommendations for future stream restoration projects aimed at 

enhancing or creating aquatic habitat. 

 

 12



METHODS AND MATERIALS 
 
 
Site Description 

The study region for this project was comprised of four rural stream restoration projects 

located within the Blue Ridge Mountain Region of western North Carolina (Figure 2). All sites 

are representative of a Southern Appalachian/Piedmont aquatic system, and all have been 

designated as Trout Streams by the North Carolina Division of Water Quality (NCDWQ) 

(MCRP, 2003; NCDOT, 2005; Baker, 2006a). Field measurements were taken between February 

and May of 2007 in clear, sunny, low flow conditions. Age of the project sites range from 1.5 to 

4.5 years since completion, with a range of repair work completed at all sites since construction. 

Drainage area of study sites ranges from 0.93 to 5.5 square miles, with sinuosity ranging from 

1.2 to 1.4 and an average channel slope ranging from .003 to .0066 ft/ft. Rosgen classification of 

the stream falls within range of C4 to E4 (Baker, 2007; NCDOT, 2005; Baker, 2003 and 2006a). 

Pebble count data, cross-sectional data, and design parameters utilized within this study were 

taken from design and monitoring data collected by project site design companies or 

participating groups/agencies.  

 

 
Figure 2. Map of North Carolina counties. The general location of each study site is indicated by black boxes. 
(Source: www.digital-topo-maps.com) 
 
 
Mitchell River Watershed – Kraft Reach and Darnell Reach 

The Mitchell River Watershed is located within Surry County, North Carolina (Figure 3), 

and was initiated by the Surry County Soil and Water Conservation District. Project design was 
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completed by Buck Engineering, now Michael Baker Corporation, with construction done by 

North State Environmental. Reaches were restored using a combination of in-stream features 

such as rootwads, rock vanes, and J-hooks. Bank regrading, seeding, transplants, and erosion 

control fabrics were also utilized to control erosion and improve riparian habitat. Post-restoration 

fish and benthos data were also collected for the reaches (Baker, 2006a). 

 

 

Kraft Reach and Darnell Reach Study Sites 

Source: Surry County, NC Interactive Geographic Information System 
http://arcims.webgis.net/nc/surry/default.asp 

Figure 3. Aerial site map of Mitchell River Watershed restoration sites. 
 
 
Kraft Reach 

Kraft Reach comprises 1,010 linear feet of restored stream along the North Prong South 

Fork Mitchell River (Figures 4 and 5). The reach has a drainage area of 4.0 square miles (2,560 

acres), a sinuosity of 1.3, an average channel slope of 0.0066 ft/ft, and is classified as a Rosgen 

E4/C4 stream. Bed material is dominated by gravel and cobble. Prior sediment loss within the 

reach was estimated at 114 tons/year, ranking it a high priority restoration (Baker, 2006a). 
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Channelized and maintained into the mid 1990’s, Kraft was designated a Priority Level II stream, 

requiring the construction of a new channel and floodplain with associated wetlands to restore 

correct hydraulic connection and morphology to the channel. Riparian area was planted with 

grass seed, livestakes, and bare-root plantings, and fencing was installed to keep livestock out of 

the area. Construction was completed on October 16, 2002, making the age since construction 

4.5 years (Baker, 2006a). Monitoring is scheduled annually for a five-year duration to assess 

project success and status. Monitoring data from 2006 (Year 4) is used in this report (referenced 

as Baker, 2006b). 

 

 

Kraft Reach Study Site 

Source: Surry County, NC Interactive Geographic Information System 
http://arcims.webgis.net/nc/surry/default.asp 

Figure 4. Aerial site map of Kraft Reach restoration site. 
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Figure 5. As-built design plan sheet for Kraft Reach. 
 
Evaluation of Success – 2006 Monitoring Report 

Since completion of the restoration, Kraft experienced considerable floodplain 

aggradation and alluvial deposition within the bends due to two bankfull flows in late summer 

and fall of 2005. In general, however, pools have maintained their depth, bed material has 

remained predominantly gravel and cobble, and there are no signs of excessive erosion. 

Structures are maintaining integrity, and vegetative plantings in general are doing well, with a 

nearly 100% vegetation cover (Baker, 2006a). 

 

Darnell Reach 

Darnell Reach comprises 1,460 linear feet of South Fork Mitchell River (Figures 6 and 

7). Located directly upstream is Brendle reach, an additional restoration project that brings the 

total linear feet of restoration up to 2300 for the area. Darnell Reach has a drainage area of 5.5 

square miles (3,520 acres), a sinuosity of 1.4, an average channel slope of 0.0056 ft/ft, and is 

classified as a Rosgen C5 stream. Bed material is dominated by gravel and cobble. Prior 

sediment loss within the reach was estimated at 134 tons/year, with high sediment load into the 

Reach from an upstream source (Baker, 2006a). While there is no record of human manipulation 

of the stream, the reach is unusually straight, signaling likely channelization in the past. Darnell 

was designated a Priority Level I stream restoration, requiring the relocation of the channel. In 
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addition, bare-root, grasses, and livestakes were planted within the riparian area, two vernal 

pools were constructed along the stream, and fencing was installed to prevent intrusion of 

livestock. Construction was completed on March 15, 2003, making the age since construction 

approximately 4 years at the time of this analysis (Baker, 2006a). Monitoring is scheduled 

annually for a five-year duration to assess project success and status. Monitoring data from 2006 

(Year 4) is used in this report (referenced as Baker, 2006b). 

. 
 

 

Darnell Reach Study Site 

Source: Surry County, NC Interactive Geographic Information System 
http://arcims.webgis.net/nc/surry/default.asp 

Figure 6. Aerial site map of Darnell Reach restoration site. 
 
 

 17



 
Figure 7. As-built design plan sheet for Darnell Reach. 
 
Evaluation of Success – 2006 Monitoring Report 

Since completion of the project, two over-bankfull events caused notable deposition on 

point bars. Fine sediments from upstream sources have filled initially-excavated pools, however 

the overall shape of the pebble count line remains steady, with gravel and cobble still dominant 

within the stream. Vegetation is high within the stream banks, with a nearly 95% vegetation 

coverage (Baker, 2006a). 

 

Hanging Rock Creek 

Hanging Rock Creek is part of the Watauga River Basin, located within Avery County, 

North Carolina (Figures 8). The Hanging Rock Creek Stream Mitigation Site was developed and 

constructed by the North Carolina Department of Transportation and Michael Baker Corporation 

to mitigate highway development and improvement projects within the area, as well as to 

improve water quality and fisheries habitat (NCDOT, 2005). Bank sloping, vegetation planting, 

and erosion control fabrics were also employed to control erosion and enhance riparian habitat 

(NCDOT, 2005). 
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Hanging Rock Creek Study Site 

Source: Avery County, NC Interactive Geographic Information System 
http://arcims.webgis.net/nc/avery/default.asp 

Figure 8. Aerial site map of Hanging Rock Creek restoration site. 
 
 

 
Figure 9. As-built design plan sheet for Hanging Rock Creek. 
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Hanging Rock Creek comprises 2,500 linear feet of restored channel length, and 

functions as a tributary to Elk River (Figure 9). Hanging Rock Creek has a drainage area of 

roughly 3.0 square miles (1,920 acres), a sinuosity of 1.4 for the upper reach and 1.2 for the 

lower reach, an average channel slope of .0053 ft/ft, and is classified as a Rosgen C4 stream. 

Pebble count for the site gives a D50 of 22.7, making it a predominantly gravel-bed stream 

(NCDOT, 2005; Baker, 2003). Riparian area was planted with livestakes and bare-root trees, and 

wetland areas were constructed within the floodplain. Construction was completed in 2003, 

making the age since construction approximately 4 years. Monitoring is scheduled annually over 

a 5-year duration to assess project success and status (NCDOT, 2005). Monitoring data from 

2004 (Year 1) is used in this report. 

 

Evaluation of Success – 2004 Monitoring Report 

Since completion of the restoration, Hanging Rock Creek experienced minor bank scour 

and erosion, much of which was caused by above-bankfull events in 2004, which undermined in-

stream rock structures and required repair work prior to monitoring. Depositional material 

formed inner berms within the bends, and cross-sections within the reach appeared to be stable 

(NCDOT, 2005). Despite this, a bank erodability hazard index (BEHI) taken across the bends 

indicated a moderate to very high bank erosion potential, due in large part to the absence of 

established bank vegetation. This is expected to decrease throughout consecutive growing 

seasons as a riparian community begins to form (NCDOT, 2005). Currently, however, vegetation 

cover is low, and riparian canopy cover is effectively non-existent due to pre-existing conditions 

and removal of trees during construction. This is expected to improve across growing seasons as 

well as live-stakes and bare-root trees take root and grow. 

 

Hoppers Creek 

(South Fork) Hoppers Creek is part of the Muddy Creek Watershed, located within 

McDowell County, North Carolina (Figure 10). As part of the Muddy Creek Watershed 

Restoration Initiative to reduce erosion, improve water quality, and establish a coldwater trout 

fishery, the Muddy Creek Restoration Partners initiated the Hoppers Creek restoration with help 

from organizations such as Trout Unlimited, Trout and Salmon Foundation, and Duke Energy 
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(MCRP, 2003). Project design and implementation was completed by Michael Baker 

Corporation as an NCEEP mitigation project. Transplants, vegetative plantings, and erosion 

control fabric were also employed to ensure bank stability and enhance aquatic habitat, and 

wetlands were restored/enhanced within the floodplain. 

 

 

Hoppers Creek Study Site 

Source: 2007 Mapquest, Inc. 
http://www.mapquest.com/ 

Figure 10. Aerial site map of Hoppers Creek restoration site. 
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Figure 11. As-built design plan sheet for Hopper Creek. 

 
 

 
Figure 12. As-built design plan sheet for P5 section of Hoppers Creek. 
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Figure 13. As-built design plan sheet for P6 section of Hoppers Creek. 
 

 
Figure 14. As-built design plan sheet for P7 section of Hoppers Creek. 
 

Hoppers Creek comprises 7,026 linear feet of restored stream, which empties into South 

Muddy Creek (Figure 11). Because of the length of the restored stream, data collection for this 

study was taken from the center of the site at the P5, P6, and P7 sections of the restored stream 

(Figures 12, 13, and 14). For Reach 1, Hoppers Creek has a drainage area of 0.93 square miles 

(595.2 acres), a sinuosity of 1.38, an average channel slope of .007 ft/ft, and is classified as a 

Rosgen E4 stream type. For Reach 2, Hoppers Creek has a drainage area of 1.38 square miles 
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(883.2 acres), a sinuosity of 1.4, an average channel slope of .003 ft/ft, and is also classified as a 

Rosgen E4 stream type (Baker, 2007). Prior sediment load into Hoppers Creek was estimated at 

350 tons in just a year and a half, resulting in predominantly silt and fine sand substrate, despite 

cobble-dominated upstream bed material. Thus, Hoppers Creek was rated a high priority barren 

bank site (MCRP, 2003). Past use involved diking upstream for formation of rice paddies, as 

well as channelization and straightening of the stream to improve drainage and flooding on 

adjacent land. Up until recently, cattle have also been allowed to graze in and around Hoppers 

Creek, exacerbating erosion. Riparian area was planted with livestakes and transplants, wetlands 

were created within the floodplain area, and fencing was installed to protect the stream from 

cattle grazing. Construction was complete in Spring of 2006, making age since construction 

roughly 1.5 years. Monitoring is scheduled yearly for the next five years (Baker, 2007).  

 

Evaluation of Pre-construction Conditions – 2003 Muddy Creek Report 

Hoppers Creek is currently in year one of monitoring, and evaluation of success has yet 

to be determined, however preconstruction assessments indicate the conditions from which 

Hoppers Creek is slowly recovering. Assessment of Hoppers Creek indicated extreme bank pin 

loss and severe erosion, roughly four feet at one site and 10-30 inches on average throughout the 

rest of the reach. It is estimated that roughly 70 tons of sediment had entered Hoppers Creek 

from this sampling area alone. Pre-restoration fish analysis revealed low diversity due to filling 

of pools, choking of invertebrates, and decreased visibility due to high sedimentation. It is 

estimated that multiple storm events will be required to flush out fine bed material from the 

project site (MCRP, 2003). 

 

Field Data Collection 

Materials 

In-field measurements were conducted using the following equipment: survey rod 

(marked in tenths of a foot), hand level, open reel tape measures (marked in inches), “A” clamp, 

and loop-handle soil pin. 
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Methodology 

Using the “as-built” design plans for each restoration site, each bend of the study site was 

first numbered in order, upstream to downstream, for in-field reference. These plan views were 

used to identify and verify presence or absence of in-stream structures at each bend. Photographs 

were taken at each numbered bend for later visual reference, with special effort to photograph 

each bend structure and any other noteworthy characteristics of the bend or surrounding area. 

Once photographed, a written description was made of riffle, pool, glide, and run characteristics 

associated with each bend, as well as a note of the placement of structures along the bend and 

other characteristics such as excessive sedimentation, erosion, presence of fauna, etc. Once a 

qualitative record of the bend was complete, measurements were taken of channel planform 

characteristics for conversion into dimensionless ratios. These values allow the design 

dimensions of different sites to be compared against each other (Rosgen, 1998a). 

 

Radius of Curvature Components– Chord Length and Midordinate 

Radius of curvature is the radius of the circle of curvature of the bend, or more 

specifically the “tightness” of the curve (Figures 15a and 15b). To derive this value, the chord-

midordinate method was used (Rosgen, 1996b) (Figure 16).  

 

a      b  

Pc

Pt

Figure 15. Stream planform characteristics a) radius of curvature and b) meander arc length. (Source: 
a)SUNY – College of Environmental Science and Forestry , www.fgmorph.com/images/03/03_16_01.jpg; b) 
City of Austin, Stream Restoration Program, http://www.ci.austin.tx.us/watershed/ersiontechnical3_04.htm) 
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Figure 16. Depiction of chord-midordinate method for measuring radius of curvature. (Source: Rosgen, 
1998b) 
 

Meander Arc Length 

Meander arc length is the length of the arc angle of the bend between the point of 

curvature (Pc) and the point of tangentiality (Pt) (Figure 15b). To determine the meander arc 

length of the bend, a tape measure was walked along the outer meander bend from Pc to Pt. In 

some cases, meander arc length was measured from the as-built design plans. 

 

Longitudinal Pool Profile 

Once the meander arc length measure was taken, the tape measure was then placed along 

the thalweg of the stream, starting at a point just outside the bend, through the pool, and into the 

resulting run or riffle. Depth measurements were taken prior to and after the head and end of 

pool in order to ensure the capture of the pool length for later graphical reference. Head, apex, 

and end of pool station were noted along the profile. The head of pool was identified by a 

noticeable slope increase downward and resulting depth increase, as well as visual reference to 

location within the bend. The apex of the pool was identified in conjunction with the apex of the 

bend, and the end of pool was identified by a noticeable slope decrease and resulting fall in 

depth, as well as reference to location within the bend. In some instances, multiple in-stream 

structures had created compound pools within the bend. In these cases, two head and end of 

pools stations were recorded. 

Measurements were initially taken at two-foot intervals along the profile, but were quickly 

adjusted to five-foot intervals as it became clear that structures within the bend could still be 

adequately represented in the profile, allowing for profiles to be conducted in a more time-

efficient manner. Certain features that did not hit along this interval, such as head of pool or 

presence of a cover log, were given special note and station was adjusted accordingly. 
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Using the survey rod, depth, distance to cover, cover type, and depth of undercut or 

overhang (cover depth) were measured at each station increment within the pool. Depth was 

taken at the thalweg, or deepest point of the pool (Figure 16a), distance to cover was measured 

horizontally from the thalweg to the outermost point of cover (Figure 16b), and cover depth was 

measured by placing the survey rod as deep under the structure as it would go without force, and 

measuring the resulting depth (Figure 16c). Photos and longitudinal depth profiles of each bend 

are provided in Appendix B. 

a  b  c  
Figure 16. Measurement of a) pool depth, b) distance to cover, c) cover depth or undercut. 
 

Riffle depth was measured at the upstream riffle associated with each bend using a survey 

rod and hand level. In instances where data collection was taken by only one individual, riffle 

depth was estimated by taking the mean of the depth values on the upstream and downstream 

sides of the survey rod. 

A number of width measurements were also taken for later comparison. Baseflow 

channel widths were measured across the upstream riffle, head of pool, apex of pool, and end of 

pool of each bend. Bankfull widths were taken at the upstream riffle and the apex of the pool. 

“A” clamps were used to affix the tape measure to one side of the bank when only one individual 

was collecting data. 

Field data was then transferred to an excel spreadsheet and organized to give longitudinal 

profile views of structures within the pool of each bend, along with an accompanying description 

of bend characteristics. The raw data is provided in Appendix A and B. 

In order to analyze and compare bend treatments as a whole, bends were grouped into 

treatment categories based on the presence of soft or hard in-stream structures. Division of the 

bends resulted in five categories: soft combination bends, containing only wood structures; hard 

combination bends, containing only rock structures; combination bends, containing both wood 

and rock structures; no treatment bends, containing no in-stream structures; and rootwad bends, 

containing only rootwad revetments for bend treatment. 
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Calculations 

Morphological Ratios 

Meander Arc Length Ratio of the bend was calculated by dividing the meander arc length 

(MAL) by the bankfull channel width (taken at the upstream riffle) (Wbkf). 
 

Meander Arc Length Ratio = MAL/Wbkf 

 

Radius of Curvature Ratio of the bend was calculated by first calculating radius of 

curvature (Rc). This was done by squaring the chord length and dividing it by eight times the 

midordinate, then adding half the midordinate. 
 

Radius of Curvature = [(Chord Length) 2 / (8*Midordinate)] + (Midordinate/2) 

 

Radius of Curvature Ratio was then determined by dividing the radius of curvature (Rc) 

by the bankfull width (Wbkf). 
 

Radius of Curvature Ratio = Rc/Wbkf 

 

Pool Depth Ratio (at low flow) was calculated by dividing the maximum pool depth of 

the bend (Dmax) by the mean riffle depth for the entire reach (Dmrd). 
 

Pool Depth Ratio = Dmax / Dmrd 

 

All measured and calculated values were added to the spreadsheets for graphical and 

tabular analyses. Other relevant data included in the analyses, including cross-sectional profiles 

and pebble count analyses, were acquired through the project design/monitoring companies or 

departments for each site. 

 

Analysis 

Confounding Variables 

Pool geometry is dependant upon a myriad of morphological and physical variables 

within a stream system. This makes interpretation of causal relationship of a restoration practice 
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on pool formation difficult (Buffington et al., 2002). In order to focus solely on the influence of 

in-stream structures on pool depth and length, it thus becomes necessary to ensure that the 

potential influence of these confounding variables has been equalized across each stream site. In 

addition, to ensure that the habitat within these streams would indeed be utilized by target fish 

species, all study sites were designated as Trout Streams by NC Division of Water Quality.  

 

Stream Morphology Variables 

In order to accomplish a standard across streams, stream sites with similar morphology 

were chosen to ensure consistency throughout the data. Study sites were chosen to fall within 

certain range of sinuosity, drainage area, and average channel slope, as outlined in the beginning 

of this section. To ensure that each site had time to stabilize and adjust since completion of the 

restoration, age of the project sites was set within the range of 1.5 to 4.5 years since completion. 

To further ensure similarity, only streams classified as Rosgen type C4/C5, or their more 

stable E4/E5 versions, were included in the study. Because the “E” stream type can quickly 

destabilize in response to disturbance (Rosgen, 1996a), most of the study site classifications alter 

between “C” and “E” type streams in yearly monitoring based on responses to such thing as large 

flooding events and adjustment to in-stream structures. All study sites are pool-riffle systems 

(Figure 17) with alluvial deposition, high sinuosity, and low channel slope (less than 2%), 

indicative of “C’ type streams (Rosgen, 1996a). In addition, study sites were located within the 

same geographical region of North Carolina (Southern Appalachian/Piedmont region), and data 

was taken only in low flow conditions to remove the influence of storm events on depth and 

width.  

 

 
Figure 17. Depiction of a riffle-pool system with meander and point bars. (Source: EPA, 
http://www.epa.gov/warsss/pla/box03.htm) 
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Pool Depth Ratio 

To assess the depth of pools across stream sites, it is necessary to normalize each pool 

depth by the depth within the associate riffle area of the stream (Dmax/Dmrd). While pool depths 

are normally taken at bankfull, for the purposes of this study depths were taken at baseflow to 

reflect the most common aquatic conditions available to fish year-round. While bankfull 

measurements are important for the analysis of effects of storm events on channel morphology, 

for most of the year water within the stream remains at or near baseflow. Thus, aquatic biologists 

are more concerned with the suitability of habitat in baseflow conditions, and often use this level 

for depth analysis in fish studies. 

 

Radius of Curvature Ratio 

According to Figure 18, there is an asymptotic relationship between Rc ratio and pool depth 

(Copeland et al., 2001). However, it appears that below Rc values of roughly 5, as is the case in 

this study, pool depth becomes relatively independent of bend curvature (Copeland et al., 2001; 

Will Harman, personal communications, 2007). To assess potential influence of bend curvature 

on pool formation within the bends of the study sites, radius of curvature ratio (Rc/Wbkf) was 

plotted against pool depth ratio (Dmax/Dmrd) in order to view any potential trends or 

relationships in the data. 

 
Figure 18. Maximum scour depth ratio as a function of radius of curvature ratio. (Source: Copeland et al., 
2001; Harman, 2006) 
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Meander Arc Length Ratio 

Like sinuosity, meander arc length (MAL) is a top indicator of a stream’s planform 

(Rosgen, 1996a). Large meander arc lengths indicate a wider bend and a reduced curvature, 

while smaller arc lengths indicate more tightly curved, sinuous bends. Because of the effect of 

meander on stream morphology, it was also necessary to compare meander arc length ratio 

(MAL/Wbkf) against pool depth ratio of the bends within each study site to view any potential 

relationship between the values.  

 

Bed Material 

It has been well documented that bed material is one of the most highly influential 

variables in stream function, quality, and morphology (Platts et al., 1983; Hawkins et al., 1983; 

Kauffman et al., 1999). High input of fine sediments, including silt and sand, into a stream can 

fill pools, cause excessive alluvial deposition and aggradation, and increase embeddedness, 

compromising important spawning and feeding grounds for fish and benthic organisms (Raleigh, 

et al., 1986; Montgomery and Buffington, 1993). To assess bed material sorting capacity for each 

stream, a pebble count is conducted during post-construction monitoring. This data reveals the 

distribution of bed material size (measured by diameter) as a cumulative percentage (Wolman, 

1954; Harrelson et al., 1994). To ensure that bed material size was adequate (i.e. within the 

cobble-gravel range), D16, D50 and D84 diameter values (in mm) were acquired from 

monitoring data for each stream site. 

 

Statistical Analyses 

All data analysis was performed in Microsoft Excel. Linear regressions were performed 

on radius of curvature and meander arc length ratios. Comparative descriptive box plots were 

produced for depth, distance to cover, and cover depth values for both individual in-stream 

structures as well as bend treatment groups using Analyse-it Software Version 1.73 for Microsoft 

Excel (Analyse-it Software, Ltd., England, United Kingdom). 

Because of low n values and high variation of the habitat measurements, box plots 

revealed that overlap of 95% confidence intervals for each structure or group was extensive, 

indicating that significant differences within the data were highly unlikely. Because box plots 

effectively function as a visual hypothesis test, and because the data were not normally 
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distributed, no t-tests or ANOVAs were performed. Thus, the results of the study focus on 

potential trends within the data that would suggest the finding of significant differences in habitat 

variables within a more extensive study. 
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RESULTS 

 

Confounding Variables 

Radius of Curvature and Meander Arc Length 

In order to eliminate confounding effects of channel morphology on pool formation, it 

was first necessary to ensure that no relationship existed between curvature of the bends and pool 

depth. As stated earlier, and as indicated by Figure 18, previous studies have revealed that radius 

of curvature ratios less than 5, as is the case in this study, are generally independent of maximum 

bankfull pool depth ratio (Copeland et al., 2001, Harman, 2006). To ensure that this was the case 

for baseflow pool depth ratios as well, radius of curvature ratio (Rc/Wbkf) and meander arc 

length ratio (MAL/Wbkf) of each bend were both plotted against the baseflow maximum pool 

depth ratio (Dmax/Dmrd) to identify any potential trends in the data. Results indicate that there 

was indeed no correlation between maximum baseflow pool depth ratio and either radius of 

curvature ratio (R2=.0149) (Figure 19), or meander arc length ratio (R2=.0064) (Figure 20). 

 

Max. Pool Depth Ratio vs Radius of Curvature Ratio
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Figure 19. Radius of curvature ratio (Rc/Wbkf) vs. maximum pool depth ratio (Dmax/Dmrd) of study site 
bends. The black line indicates the Rc value upper limit for an assumption of no relationship to bankfull max. 
pool depth ratio (Copeland et al., 2001; Harman, 2006).  
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Max. Pool Depth Ratio vs Meander Arc Length Ratio
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Figure 20. Meander arc length ratio (MAL/Wbkf) vs. maximum pool depth ratio (Dmax/Dmrd) of study site 
bends. 
 

Bed Material 

To assess the potential influence of bed material on pool depth, D16, D50, and D84 

values for each stream site were acquired to identify any sites with bed material dominated by 

fine sediments. As indicated by Figure 21 and Table 2, the D50 values for Kraft, Darnell, and 

Hanging Rock Creek all fell within the diameter range for gravel, with D50 values of 37.26mm, 

25.45mm, and 18mm, respectively. The D50 for Hoppers Creek, however, was measured at 

.76mm, falling well underneath the gravel range into the sand/silt range. However, the D85 value 

for Hoppers creek was substantially higher, with a diameter value of 46.66mm, indicating the 

probability of larger bed material lying just underneath the fine sediments. 
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Figure 21. Bed material values for study sites. Bed material below a diameter of 2mm is considered sand, 
below 64mm is considered gravel. Bed material with a diameter above this value on the graph is considered 
cobble. 
 
Table 2. Table of D16, D50, and D84 bed material values for each study site. 

Bed Material Values  

Stream Site D16 D50 D84 D16/D84 
Avg. Max. 
PDR Material 

Kraft 0.308563 37.26056 85.33845 0.003616 4.91 Sand/Silt
Darnell 7.171116 25.45544 61.00654 0.117547 3.40 Gravel 
Hanging 
Rock 0.8 18 64 0.0125 4.21 Cobble 
Hoppers 0 0.759672 46.66017 0 5.11  

 

Pool Quality by Individual Structure 

Pool Depth 

A box plot of depth values for each structure in Figure 22 revealed high values 

associated with cover logs, rootwads, and woody debris, giving mean depth values of 2.2, 2.12, 

and 2.34 feet, respectively. Maximum values were highest for rootwads and woody debris (4.4 

and 4.3 feet, respectively). The scour pools created by J-hooks also appeared to give extreme 

depths on occasion (3.9 feet), even though the mean depth for these structures fell at 1.6 feet. 

High depths were also associated with boulders, with mean depth of 1.89 feet and median depth 

of 1.95 feet. Overall, woody debris had both the largest average depth (2.34 feet) and the largest 

maximum depth (4.4 feet). 
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STRUCTURE DEPTH VALUES Depth (feet) 

DEPTH  n Mean SD SE 95% CI of Mean  Median IQR 95% CI of Median 
Boulder  44 1.89 0.837 0.126 1.64 to 2.14  1.95 1.38 1.50 to 2.20 

Cover Log  21 2.20 0.648 0.142 1.91 to 2.50  2.20 1.10 1.60 to 2.70 
Cross Vane  28 1.50 0.653 0.123 1.25 to 1.75  1.55 1.03 1.10 to 1.90 

J-hook  82 1.70 0.725 0.080 1.54 to 1.86  1.60 0.63 1.40 to 1.70 
Log Vane  12 1.68 0.471 0.136 1.38 to 1.98  1.75 0.78 1.20 to 2.20 

Rock Vane  25 1.58 0.612 0.122 1.33 to 1.83  1.60 0.70 1.40 to 1.90 
Rootwad  140 2.12 0.819 0.069 1.98 to 2.25  2.00 1.00 1.90 to 2.20 

Woody Debris  7 2.34 1.122 0.424 1.30 to 3.38  2.20 1.25 1.20 to 4.30 
Figure 22. Box plots and table of depth values for in-stream structures. Box plots reveal upper and lower 
quartile range, max. depths, median, mean, etc. of the data. 
 
Distance to Cover 

Figure 23 reveals that the smallest mean distance to cover values were associated with 

woody debris, rock vanes, and cover logs (1.3, 1.67, and 1.88 feet, respectively). The highest 

mean values were associated with boulders (2.26 feet), and cross vanes (2.7 feet). Boulders and 

J-hooks had the highest variability of distance to cover values, both ranging from a maximum 

value of 8.0 feet to a minimum of 0.0 ft. Soft structures were associated with the lowest distance 

to cover values, with median values of 1.5, 1.8, and 1.85 feet for woody debris, rootwads, and 

log vanes, respectively. Boulders and cross vanes had the largest average distance to cover, with 

mean values of 2.7 and 2.26 feet, respectively. Rock vanes had the second shortest mean distance 

to cover value of 1.67 feet.  
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Distance to 
Cover (feet) STRUCTURE DISTANCE TO COVER VALUES 

Distance to Cover  n Mean SD SE 95% CI of Mean  Median IQR 95% CI of Median 
Boulder  44 2.26 1.875 0.283 1.69 to 2.83  2.00 2.33 1.20 to 2.50 

Cover Log  21 1.88 1.504 0.328 1.19 to 2.56  2.00 2.10 0.60 to 2.70 
Cross Vane  28 2.70 1.298 0.245 2.20 to 3.20  2.80 1.73 2.00 to 3.20 

J-hook  82 2.15 1.547 0.171 1.81 to 2.49  2.00 1.93 1.60 to 2.40 
Log Vane  12 2.10 1.433 0.414 1.19 to 3.01  1.85 1.40 1.00 to 2.70 

Rock Vane  25 1.67 1.367 0.273 1.10 to 2.23  2.00 2.40 0.30 to 2.50 
Rootwad  140 1.90 1.447 0.122 1.66 to 2.14  1.80 2.03 1.30 to 2.10 

Woody Debris  7 1.30 1.026 0.388 0.35 to 2.25  1.50 1.70 0.00 to 2.60 
Figure 23. Box plots and table of distance to cover values for in-stream structures. Box plots reveal upper and 
lower quartile range, max. depths, median, mean, etc. of the data. 
 

Cover Depth 

In Figure 24, box plot analysis of the structures indicates via the large amount of 

“outliers” and the median values near or at zero that the majority of these structures had little or 

no cover depth associated with them. Exceptions to this trend were wood in-stream structures 

such as cover logs (mean of .81 feet), rootwads (mean of 1.44 feet), and woody debris (mean of 

.99 feet). Rootwads had the overall largest cover depth values, with a median value of 1.2 feet 

and a maximum value of 4.7 feet, substantially larger than other maximum values. Large values 

were also associated with boulders (maximum cover depth of 3.0 feet) and cover logs (maximum 

cover depth of 3.2 feet). An alternative illustration of minimum, maximum, and average cover 

depths for each structure is given in Figure 25. 
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Cover Depth (feet) 
STRUCTURE COVER DEPTH VALUES 

Cover Depth  n Mean SD SE 95% CI of Mean  Median IQR 95% CI of Median 
Boulder  44 0.46 0.733 0.110 0.24 to 0.68  0.20 0.50 0.00 to 0.50 

Cover Log  21 0.81 0.907 0.198 0.40 to 1.22  0.70 1.10 0.00 to 1.10 
Cross Vane  28 0.34 0.420 0.079 0.17 to 0.50  0.00 0.78 0.00 to 0.70 

J-hook  82 0.30 0.415 0.046 0.21 to 0.39  0.00 0.50 0.00 to 0.30 
Log Vane  12 0.34 0.414 0.120 0.08 to 0.60  0.20 0.58 0.00 to 0.60 

Rock Vane  25 0.23 0.344 0.069 0.09 to 0.37  0.00 0.50 0.00 to 0.40 
Rootwad  140 1.44 0.844 0.071 1.30 to 1.58  1.20 1.08 1.10 to 1.40 

Woody Debris  7 0.99 0.776 0.293 0.27 to 1.70  0.90 0.40 0.20 to 2.60 
Figure 24. Box plots and table of cover depth values for in-stream structures. Box plots reveal upper and 
lower quartile range, max. depths, median, mean, etc. of the data. 
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Figure 25. Bar graph of minimum, maximum, and average cover depth values for each in-stream structure. 
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Pool Quality by Bend Treatment Groups 

Pool Depth 

As indicated in Figure 26, maximum depth values were highest for soft combination, 

rootwad, and combination bends, with maximum depth values of 4.4, 4.1, and 3.9 feet, 

respectively. These bends also had the highest mean depths of 2.06, 1.57, and 1.81, respectively. 

However, hard combination bends were not far below, with a mean depth of 1.48 feet. The no 

treatment bends had the smallest depth values, with a median of just 1.00 foot and a mean depth 

of 1.24 feet. 
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BEND TREATMENT DEPTH VALUES 

Depth (feet) 

Depth  n Mean SD SE 95% CI of Mean  Median IQR 95% CI of Median 
SC  99 2.06 0.922 0.093 1.88 to 2.25  2.00 1.35 1.60 to 2.10 

RW  117 1.57 0.784 0.073 1.43 to 1.71  1.40 1.00 1.20 to 1.50 
HC  101 1.48 0.603 0.060 1.36 to 1.59  1.50 0.90 1.30 to 1.60 
NT  22 1.24 0.609 0.130 0.97 to 1.51  1.00 0.69 0.85 to 1.70 

Combo  196 1.81 0.737 0.053 1.70 to 1.91  1.70 1.00 1.50 to 1.80 
Figure 26. Box plots and table of depth values for bend treatment groups. Box plots reveal upper and lower 
quartile range, max. depths, median, mean, etc. of the data. 
 

Distance to Cover 

Distance to cover values for the bend treatments, given in Figure 27, were highest for 

combination bends, (8.2 feet), and hard combination bends, (8 feet). No treatment bends had 

much smaller distance to cover values (mean of 1.63 feet) than the rootwad (mean of 1.78 feet) 

or soft combination bends (2.44 feet). However, rootwad bends also had a lower median value 

when compared to no treatment bends (1.7 to 1.75 feet, respectively).  
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BEND TREATMENT DISTANCE TO COVER VALUES 

Distance to 
 Cover (feet) 

DC  n Mean SD SE 95% CI of Mean  Median IQR 95% CI of Median 
SC  96 2.44 1.633 0.167 2.11 to 2.77  2.10 2.53 1.80 to 2.60 

RW  117 1.78 1.351 0.125 1.53 to 2.03  1.70 1.80 1.30 to 2.00 
HC  101 2.72 1.706 0.170 2.39 to 3.06  2.80 2.40 2.20 to 3.00 
NT  20 1.63 1.025 0.229 1.15 to 2.11  1.75 1.58 0.80 to 2.30 

C  196 2.69 1.875 0.134 2.43 to 2.96  2.40 2.63 2.10 to 2.70 
Figure 27. Box plots and table of distance to cover values for bend treatment groups. Box plots reveal upper 
and lower quartile range, max. depths, median, mean, etc. of the data. 
 

Cover Depth 

As indicated by Figure 28, cover depth values were highest for soft combination, 

rootwad, and combination bends with maximum values of 4.7, 3.8, and 3.3 feet, respectively, and 

median values of .7, .5, and .4 feet respectively. Bend types comprised entirely of woody 

material, the soft combination and rootwad bends, also had the highest mean cover depth values 

of .96 and .69 feet, respectively. The hard combination and no treatment bends had nearly no 

cover depth, with mean values of just .35 and .31 feet, respectively, and median values of 0.0 

feet each. An alternative illustration of minimum, maximum, and average cover depths for each 

structure is given in Figure 29. 
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BEND TREATMENT COVER DEPTH VALUES 

Cover Depth  
      (feet) 

Cover Depth n Mean SD SE 95% CI of Mean  Median IQR 95% CI of Median 
SC  96 0.96 1.028 0.105 0.75 to 1.17  0.70 1.48 0.40 to 1.00 

RW  117 0.69 0.820 0.076 0.54 to 0.84  0.50 1.00 0.20 to 0.70 
HC  101 0.35 0.467 0.046 0.26 to 0.44  0.00 0.60 0.00 to 0.30 
NT  20 0.31 0.398 0.089 0.12 to 0.49  0.00 0.75 0.00 to 0.60 

C  196 0.62 0.753 0.054 0.51 to 0.72  0.40 1.00 0.20 to 0.60 
Figure 28. Box plots and table of cover depth values for bend treatment groups. Box plots reveal upper and 
lower quartile range, max. depths, median, mean, etc. of the data. 
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Figure 29. Bar graph of minimum, maximum, and average cover depth values for each bend treatment 
group. 
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Pool Length 

Average pool length values were highest for hard combination and combination groups, 

with mean values of 85 and 90 feet, respectively, and smallest for the no treatment group, with a 

mean value of 35 feet (Figure 30 and Table 3). Pool length variability was highest in rootwad 

and combination bends, with a range of 52 and 55 feet between minimum and maximum pool 

lengths, respectively.  
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Figure 30. Minimum, maximum, and average pool length values for bend treatment groups. Note the removal 
of compound bends from the hard combination and combination bends for this analysis. 
 
Table 3. Minimum, maximum, and average pool length values for bend treatment groups. 

Pool Length (feet) 
  Min. Max. Avg. 
Soft Combo 25 55 40.50
Rootwads 23 75 40.58
Hard Combo 47 85 60.67
No Treatment 25 35 30.00
Combo 35 90 53.58

 

Compound Bends 

Due to the presence of compound bends within the Hanging Rock Creek study site, both 

the combination and hard combination bend treatment groups were reduced (n = 12 and n = 3 

respectively). Figure 31 depicts a visual reference of compound pool lengths versus the 
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remaining bend pool lengths of the dataset for Hanging Rock Creek. As the graph illustrates, the 

hard combination and combination bends that include compound pools comprise the majority of 

the largest pool lengths within the study site, with pink representing the second pool of the 

compound bends. Only one rootwad bend had a pool length above 60 feet, with the remaining 

values above this length associated with hard structure bend installations. 

 

Hanging Rock Compound Bends: Pool Lengths by Bend Treatment Type
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Figure 31. Illustration of compound pool lengths for Hanging Rock Creek. 
 

Normalized Pool Length 

 In addition, the presence of these compound pools contributed to hard structure pool 

lengths that comprised nearly the entire length of the bend, and in many cases extended outside 

the curvature of the bend into the runs, glides, and riffles of the stream sites. This is indicated in 

Figure 32, where pool lengths (Lp) were normalized by the meander arc length (MAL) of each 

bend to depict the percentage of the bend that the pool comprised. Five pool lengths, located 

collectively within the hard combination and combination bends, extend above 1.0, indicating 

that these pool lengths were longer than the bend itself. 
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Normalized Bend Pool Length
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Figure 32. Pool length normalized by meander arc length for bend treatment groups. Values above the red 
line indicate pool lengths longer that the curvature of their corresponding bend. 
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DISCUSSION 

 

The field habitat measurements and project objectives were designed to focus on three key 

questions. 

1. Which structures produce the most desirable measurements for each habitat variable? 

2. Which bend treatments produced the most desirable measurements for each habitat 

variable? 

3. What design recommendations can be made from these results? 

 

Habitat Suitability of In-Stream Structures 

Which structures produce the most desirable measurements for each habitat variable? 

The first question was easily answered in analysis of the results for the large woody 

debris structures. Collectively, large woody debris provided the deepest pool depths, with shorter 

distances to cover and larger cover depth values than their fellow hard in-stream structures. 

Overall, the results from the in-stream structure habitat analysis were not surprising- large woody 

debris has long been implicated in the formation of pools through flow obstruction and hydraulic 

flow complexity in unmodified reference streams across the country (Buffington et al., 2002; 

Montgomery et al., 2003). 

 

Depth 

The box plots of depth values revealed higher depths associated with cover logs, 

rootwads, and woody debris, having mean depth values of 2.2, 2.12, and 2.34 feet, respectively. 

In addition, maximum values were highest for rootwads and woody debris (4.4 and 4.3 feet, 

respectively), revealing not just a general tendency towards higher mean depths, but a capability 

of these structures to produce higher maximum depths than other in-stream structures. The 

higher depths associated with boulders, (mean depth of 1.89 feet), are likely a result of either 

local scour around center-stream boulders, which in many cases can create large scour pools just 

downstream, or more likely the fact that most of the boulders in the study were associated with 

rootwad installations, and were subject to the larger depths produced by deflection of flow 

against the rootwads. Overall, woody debris had both the largest average depth, (2.34 feet), and 
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the largest maximum depth, (4.4 feet), despite being a non-intentional presence within the stream 

bend.  In summary, the average collective mean pool depth of soft in-stream structures, (2.09 

feet), was roughly 20% larger than the collective mean depth of their hard rock counterparts, 

(1.67 feet), revealing a higher capability for localized deep pool scouring of woody structures. 

 

Distance to Cover 

Distance to cover values reflect the distance to shelter and safety that a fish must travel 

from the thalweg, or deepest cross-sectional point, of the pool. Shorter distances to cover are thus 

more preferable to fish. In-stream structures that produce deep pool values through deflection 

and scour will thus decrease the distance from cover to the thalweg. The results indicated that the 

smallest mean distance to cover values were associated with woody debris, rock vanes, and cover 

logs (1.3, 1.67, and 1.88 feet, respectively). When the distribution of these values was analyzed, 

median values indicated that soft structures were most often associated with shorter distance to 

cover (1.5, 1.8, and 1.85 feet for woody debris, rootwads, and log vanes, respectively).  

Boulders and cross vanes, two in-stream structures associated with high pool scour, had 

the largest distance to cover mean values, (2.7 and 2.26 feet, respectively). Initially this seemed 

counter-intuitive, however upon further reflection, it seems that the force of water scouring 

behind these structures is so great that pool formation occurs at a further distance downstream 

and not immediately adjacent to the structure. Theorizing this, it would also seem to follow that 

rock vanes would have larger distance to cover values as well; however rock vanes had the 

second shortest mean distance to cover, with a value of 1.67 feet. One assumption for this 

discovery is that, since the rock vane does not promote pool scour as intensely as the J-hooks or 

cross vanes, the scouring that does occur is more localized, thus placing the thalweg closer to the 

structure. It was also surprising to find that rootwad mean distance to cover values were much 

higher than woody debris values (1.9 feet to 1.3 feet, respectively). However, it is hypothesized 

that this is likely due to the floating nature of woody debris, allowing it to drift over or nearer to 

the center of the stream, reducing distance to cover values. Again, the average collective mean 

distance to cover of soft in-stream structures, (1.79 feet), was roughly 20 % smaller than the 

collective mean depth of  hard in-stream structures, (2.2 feet), revealing a general ability of soft 

in-stream structures to localize pool scour closer to the structure. 
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Cover Depth 

The depth of cover is important to large fish species looking to escape the heat of the sun 

and hide from potential predators, both in the water and overhead. Undercutting and scouring 

create these “dug-out” cover areas around in-stream structures to varying degrees. The median 

values at or near zero for the majority of the in-stream structures in this analysis indicate that 

most had little or no cover depth associated with them. Exceptions to this trend were again soft 

in-stream structures such as cover logs (mean of .81 feet), rootwads (mean of 1.44 feet), and 

woody debris (mean of .99 feet). Rootwads had the overall largest cover depth values, with a 

median value of 1.2 and a maximum value of 4.7 feet, and comprised the majority of maximum 

cover depth values taken during this study. The ability of the bank to undercut beneath and 

within the rootwads while still maintaining structural stability is what allows for large cover 

depth values and ideal fish habitat within rootwad revetments. The large values associated with 

boulders, (maximum cover depth of 3.0 feet), and cover logs, (maximum cover depth of 3.2 

feet), are likely a result of associated installation with these rootwads.  

Overall, cover depth values shined in the soft structure category, with the collective mean 

cover depth of soft in-stream structures, (.89 feet), nearly 64% larger than hard in-stream 

structures, with a mean cover depth value of only .33 feet. This is not surprising considering that 

a primary function of rootwads, woody debris, and in particular cover logs, is to provide cover 

for fish. In fact, when log vanes, (which do not specifically serve a cover function), are removed 

from the mean cover depth value for soft structures, this difference in cover depth between soft 

and hard in-stream structures increased to roughly 70%. 

 

Habitat Suitability of Bend Treatment Groups 

Which bend treatments produced the most desirable measurements for each habitat variable? 

The answer to the second objective question was a bit more convoluted due to the 

introduction of pool length as an additional habitat variable. While bend treatment types 

containing soft in-stream structures again excelled in pool depth, distance to cover, and cover 

depth, those bends containing hard structures produced much higher pool lengths, in many cases 

producing lengths longer than the curvature of the bend itself.  
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Depth 

Soft combination and combination bends had the highest mean depths of all bend 

treatment groups, with values of 2.06 and 1.81 feet, respectively. Not surprisingly, the no 

treatment group, with a lack of in-stream structure influence, had the lowest depth values, with a 

mean depth of 1.24 feet. While it was not surprising that bends containing soft in-stream 

structures would have higher pool depths, it was expected that rootwad bends would perform 

better than the combination bends in pool depth, as they did not contain any hard in-stream 

structures that would theoretically produce smaller depths. In fact, it seems quite odd that the 

median depth for the rootwad bends had the lowest value, (1.4 feet), save for the no treatment 

bend. This indicates that the majority of rootwad depths were relatively small, with a few 

extreme depth values pulling the mean depth for the group up to 1.57 feet. These results seem to 

attest to the powerful influence of cover logs and woody debris on pool depth, as indicated by the 

higher mean depth values for both the soft combination and combination bends which contained 

both these structures. In fact, when compared to the hard combination and no treatment bends, 

soft combination bends produced depth 28 % and 40% deeper, respectively. 

 

Distance to Cover 

Distance to cover values for the bend treatments were highest for combination bends, (8.2 

feet), followed closely by hard combination bends, (8.0 feet). Judging from the previous analysis 

of in-stream hard structures, these large distance to cover depths are not surprising. What was 

surprising, however, was that mean distance to cover value for soft combination bends was quite 

high when compared to the rootwad bends (2.44 to 1.78 feet, respectively). This seems highly 

counter-intuitive when recalling that rootwads had the highest mean distance to cover depth 

when compared with cover logs and woody debris. One possible explanation for the apparent 

anomaly is that rootwads associated with additional soft structures also tended to produce larger 

distance to cover values than their solo counterparts. However, this seems highly unlikely, and it 

remains to be seen if this result is an actual reality or an erroneous trend within the data.  

The lowest mean distance to cover values were given by the no treatment bends (1.63 

feet). Because of the lack of any in-stream influence on thalweg location within the bend, a likely 

cause for the low distance to cover values is the tendency of these bends to also have reduced 

channel widths. Thus, the distance from the thalweg to the point of cover (or simply the bank, in 
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this case) is likely to be more a factor of smaller channel width than influence of bend treatment 

type (or lack thereof). 

 

Cover Depth 

Not surprisingly, cover depth values were highest for soft combination, rootwad, and 

combination bends, with maximum values of 4.7, 3.8, and 3.3 feet, respectively. Also expected 

were the median cover depths values of 0.0 feet for both hard combination and no treatment 

bends, indicating that cover provided solely by the banks or rock structures is minimal at best. 

Bend types comprised entirely of woody material, (the soft combination and rootwad bends), had 

the highest mean cover depth values, .96 and .69 feet respectively. When compared against the 

hard combination bends, soft combination bends contained nearly 64% more cover, and 

combination bends nearly 44 % more cover. This again indicates the important influence of 

woody material in the provision of cover for aquatic species. 

 

Pool Length 

Average pool length values were found to be significantly higher within the hard 

combination, (60.67 feet), and combination bends, (53.58 feet), than other bend treatment 

groups, as illustrated Figure 33. Pool lengths were larger for bend treatments containing hard 

structures likely due to both the powerful pool scouring effect of these structures as well as their 

lengths, which tend to be longer and more substantial than soft structures such as cover logs and 

log vanes. Pool length variability was highest in rootwad and combination bends, with a range of 

52 and 55 feet between minimum and maximum pool lengths, respectively. This variability is 

likely explained by the range in number of rootwads installed in a bend. Rootwad installations 

can range from a few rootwads to upwards of 10-15 in small streams, depending on flow force 

and length of the bend. Thus, pool length will vary markedly. The smallest pool lengths were 

found in the no treatment bends. This is not surprising, as a lack of in-stream structures does not 

promote pool scour and thus pool formation becomes entirely a function of flow velocity and 

channel morphology. However, the sample size for the no treatment bends, as well as the hard 

combination bends, was small (n = 3 for both) -thus more bends would need to be analyzed in 

order to verify the trends associated with these treatments. 

 

 49



          
Figure 33. Illustration of topographic variation of streambeds using Total Station. Both bend sites are located 
within Hanging Rock Creek. Deeper areas are indicated by magenta and blue, while shallower areas are 
depicted in yellow and brown.  (Source: Harman, 2006) 
 

Compound Bends 

Due to the presence of compound bends within the Hanging Rock Creek study site, both 

the combination and hard combination bend treatment groups were reduced (to n = 12 and n = 3 

respectively). In particular, the low n values for hard combination bends made analysis of 

significant trends associated with this treatment type impossible. Figure 31 depicts a visual 

reference of compound pool lengths versus the remaining bend pool lengths of the Hanging Rock 

dataset. As the graph illustrates, the hard combination and combination bends comprise the 

majority of the largest pool lengths, with most of these values containing compound pools. Only 

one rootwad bend had a pool length above 60 feet, with the remaining values above this length 

associated with rock structure bend installations. 

Again, while the statistical significance of differences within the data cannot be verified 

due to such small sample size, it is important to note the potential trends that the data provide. 

The longer lengths of the hard combination and combination pools, combined with the 

comparison of the compound bends to other bends within the Hanging Rock study site, did seem 

to clearly indicate a relationship between hard structures and increased pool length. It is believed 

that the reason for this is two-fold. First, the scouring effect of the hard structures is less 

concentrated than the woody structures, allowing for scouring to occur in a more elongated 

fashion downstream of the structure as opposed to directly underneath the structure as is many 

times the case for rootwads and cover logs. Additionally, and perhaps most importantly, hard in-

stream structures tend to take up a longer longitudinal portion of the bend in respect to bend 

length. 
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Normalized Pool Length 

When combined with other hard structures directly up or downstream, particularly in the 

case of compound pools, these hard structures comprise the majority of the length of the bend 

curve, thus creating pool lengths that, in many instances, extended outside the curvature of the 

bend itself, as indicated in Figure 32. While the consequences of this are unknown, it is 

theorized that this could have both positive and negative effects on fish habitat through such 

things as the increase of pool edge and the potential reduction or modification of other essential 

stream habitat such as runs, glides, and riffles. 

 

Design Recommendations 

What design recommendations can be made from these results? 

Answering this third question required not just an understanding of the results of this 

study, but also an understanding of the unique logistics and requirements of any particular 

restoration project. While habitat enhancement is a top priority in many restoration projects 

nationwide, structural and hydrologic stability is also a necessity, and it must be remembered that 

these in-stream structures also serve to achieve these objectives as well.  

 

Stability versus Habitat Issues - Rootwad Revetments 

In small stream restoration projects, (i.e. drainage areas of roughly 5 square miles or 

less), discharge rates are much smaller and less of a threat to the structural stability of the bend. 

In these instances, it has been argued that the use of soft in-stream structures in place of more 

commonly used rock structures to stabilize banks is not only allowable, it is encouraged (Will 

Harman, personal communications, 2007). Specifically, arguments over the use of rootwad 

revetments for bank stabilization have been an issue in the restoration field for many years. In 

the past, improper rootwad installation has resulted in excessive erosion and lateral movement of 

the bend due to high shear stress (Carpenter et al., 2003). Many believe that rootwads, because 

they do not have the proven structurally engineered principles of hard structures, should not be 

utilized for stability (Johnson et al., 2000; Penn State, 2003).  

However as monitoring and research continue, it has become evident that, in smaller 

streams, rootwad revetments have successfully stood up against bankfull events, with low rates 
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of bank failure and erosion when used in conjunction with boulder toes and transplants (Harman, 

2006; Penn State, 2003). Thus, rootwad revetments can serve both to stabilize banks while 

providing exceptional fish habitat on a number of levels. 

 

Importance of Large Woody Debris 

The influence of large woody debris (such as rootwads) on stream cover, as well as 

stream morphology, is substantial, and should not be overlooked as an essential component of 

the stream project design. In some rivers, changes in wood regime can result in effects as great as 

those arising from changes in sediment supply and discharge (Montgomery et al., 2003). In 

addition, flow variation created by large woody debris allows for habitat partitioning and 

complexity for fish species (Rhoades et al., 2003). The specifics of these flow variations have 

been extensively studied, with different sizes and types of flow obstruction by large woody 

debris corresponding with their own unique pool morphology (Buffington et al., 2002; Bisson et 

al., 1982; Sullivan, 1986) 

Overall, quantitative evidence of the beneficial potential of large woody debris for habitat 

enhancement of streams, in addition to the assertion that the structural necessity of many hard in-

stream structures is potentially overrated, serves to suggest that design policies for stream 

restoration of small streams deserve reconsideration. Design goals based on habitat enhancement 

of small streams should focus heavily on the installation of rootwad revetments and cover logs 

for creation of deeper pools with increased flow variation and increased cover depth. In addition, 

both these structures will also serve to promote the acquirement and continued recruitment of 

additional woody debris into the streams. Where hardened structures are deemed necessary for 

structural or hydrologic purposes, they should be accompanied by soft in-stream structures to 

create combination bends to supplement habitat within these areas.  

 

Pool Length and Compound Pools 

The formation of compound pools by the presence of cross-vanes and J-hooks within the 

bend should be considered when designing restored streams due to the potential for pool length 

to extend outside of the bend, possibly affecting the presence and/or function of other necessary 

stream habitat such as glides, runs, and riffles. Additionally, extended pool lengths may also 

affect pool spacing, which is a vital component of fish habitat, specifically for trout and 
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smallmouth bass species (Raleigh et al., 1982, 1984, and 1986; Edwards et al., 1983). Little is 

known about the habitat benefit of compound pool formation. The presence of two pools within a 

bend may serve to provide increased niche stratification and territorial separation of fish species; 

however the effects on pool spacing again may be detrimental. Further study is necessary in 

order to provide habitat recommendations for the design of compound pools. 

 

Limitations and Future Study 

Effects of Aging 

It is important to note that, although studies have indicated that incorrectly installed 

structures with the potential to fail did so within the first year or two (Brown, 2000), the age 

since construction of these restores streams is still very young, and long-term stability of the 

bends is unknown. Thus, the longevity of the habitat function of the in-stream structures cannot 

be extrapolated beyond the age of the study sites. Age is expected to ultimately have some effect 

on in-stream structures as upstream influences shift and change, particularly if increased 

development in the upstream areas is expected. 

 

Stream Size 

Another vital condition of the study was the size of the streams. Because habitat 

measurements were performed in small streams with small drainage areas, the results of this 

study are not indicative of results that would be obtained in larger streams and rivers, where 

increased discharge and channel width would greatly increase potential depths, distances to 

cover, and even cover depth. One way to correct for this would be to perform the study again, 

measuring for additional values such as channel width at each station to allow for normalization 

of the measurements into ratios applicable to streams of any size. 

 

Longevity of Woody Structures 

The longevity of the habitat potential of in-stream woody structures must also be taken 

into consideration, as these structures will inevitably decompose and fragment at varying rates 

due to natural interactions with biotic factors such as macroinvertebrate feeding and flow forces 

(Harmon et al, 1986). Decomposition rates are estimated at anywhere from 20 to 80 years 

depending on a variety of factors including material size, species, position within the stream, and 

 53



site conditions (Scherer, 2004; Benda and Sias, 2003). In these instances, it is possible that 

reintroduction of cover logs and rootwads for habitat purposes might be desired; however the 

destructive forces of construction would likely negate the positive effects of increased woody 

debris within the stream. It is also assumed that, by the time the habitat enhancement factor of 

these woody structures has declined, the stream would find itself in such a state as to be capable 

of acquiring large woody debris recruitments naturally. 

 

Additional Habitat Variables 

In addition to pool and cover qualities, there are a number of other factors affecting 

habitat potential within a stream. Among these are water quality, riparian cover, and riffle 

quality. Negative influences of any one of these factors could affect the use of pool habitat by 

fish and benthos species and confound any fish survey data for the bends. Because the focus of 

this study was on the structural components of aquatic stream habitat design recommendations, 

these factors were outside the scope of this project. However, improvement of bed material 

sorting by in-stream structures can and does improve such variables as total suspended solids, 

turbidity, embeddedness of riffle substrate, etc. 

 

Riparian Cover 

It was noted that riparian cover was severely degraded in most cases due to the removal 

of woody and herbaceous vegetation for construction purposes. Recent studies have 

recommended that restoration projects place more emphasis on restoration of riparian vegetation 

than on in-stream structures for enhancement of fish habitat (Opperman and Merenlender, 2004). 

While it is mandated in most cases that replanting of riparian cover be completed and monitored 

after project construction is complete, the reduction of shade over the stream site can increase the 

temperatures within the stream, potentially creating situations in which the temperature is either 

unsuitable or undesirable for many cold water fish species. It is assumed that the habitat potential 

of a restored reach in general is compromised by this lack of cover for a number of years until 

revegetation can occur. 
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N Values- Study Expansion 

A large limitation of this study was the small n value of the bends. When grouped by 

bend treatment type, the n value for the no treatment category was only 3, severely limiting the 

significance of the results for this group. However, it was important to include the no treatment 

groups into the study to serve as somewhat of a control, indicating the effects of meander alone 

on stream bends in the absence of any in-stream structures.  Additionally, n values were 

particularly small for the woody debris structure groups (n = 7), and the hard combination 

structure group for pool length (n = 3). 

Ultimately, in order to verify the statistical significance of the data, it would be necessary 

to expand the study to include more stream sites with morphological variables similar to the sites 

included in this study. A simple t-test could then be run to determine the validity of the trends 

presented within this analysis. 

 

Sedimentation of Hoppers Creek 

Another large limitation of the study was the fact that Hoppers Creek was determined 

through pebble count data to be a sand-bed stream. This prevented the effects of the bed material 

within Hoppers Creek to be removed as a potential confounding factor of pool depth. This finer 

bed material is capable of suspending in the water column during flood events and settling out 

into the calmer waters of pools, filling them up and reducing bed variability. In addition, large 

amounts of finer sediments can also embed within the coarser bed material of the streams, 

clogging up vital spawning and rearing grounds for fish species (Montgomery and Buffington, 

1993). One potential reason for this high sedimentation is the fact that the age of the Hoppers 

Creek study site is much newer than the other sites- 1.5 years as compare to 4- 4.5 years. It is 

theorized that, as more bankfull or flooding events occur within the restored stream section, this 

should serve to “flush out” the finer sediments, allowing for gravel and cobble substrate to 

dominate bed material and provide more adequate fish habitat (MCRP, 2003). 

 

Fish and Benthos Data 

The preferences for the habitat variables of depth, distance to cover, and undercut or 

cover depth by fish species have been well documented in the literature. Many studies have 

linked both abundance and diversity of fish species with these factors (Dieterman et al., 2006; 
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Lewis, 1969; Bisson et al, 1987, Thurow, 1987). Because of this general knowledge of habitat 

preference, restoration designers today commonly subscribe to the theory of “if you build it, they 

will come”. However, it is important to note that the habitat enhancement potential of the 

structure is only as great as the number and abundance of fish species who actually utilize it. 

Therefore, to ultimately verify the success of a particular in-stream structure on habitat 

enhancement, it is necessary to link the presence and activity of fish and benthos species with 

each particular structure. 

A desirable adjunct study to this project would assess the association between in-stream 

structures / bend treatment types and fish presence via the collection of fish and 

macroinvertebrate surveys for each bend within the study sites. This could be accomplished 

through common collection methods such as fish shocking and seining within each individual 

bend, in addition to snorkel surveys of fish activity within each bend. Recently, a fish survey was 

conducted reach-wide for both Kraft and Darnell study sites which indicated increased biomass 

values in both reaches post-restoration (Stamper, 2005). An expansion on this study to focus on 

biomass, species richness, and abundance within each bend would serve to either support or 

refute the findings of this study, and would present additional evidence to the utility of different 

in-stream structures for enhancement of aquatic habitat.
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 Table A1: Stream Site Raw Data 
FULL RAW DATA (N=45) Note: Depths measured in tenths of a foot       

             

Kraft- Stream Data 
(n=7) 

Max. Pool 
Depth 

Riffle 
Depth 

Max. Pool 
Depth Ratio 

Chord 
Length Midordinate 

Radius of 
Curvature 

Radius of 
Curvature 
Ratio 

Meander 
Arc Length 

Meander 
Arc Length 
Ratio 

Width 
Riffle 
Bankfull 

KC1 2.40 0.60 4.53 52.00 7.80 47.23 2.49 73.00 3.84 19.00 
KC2 2.90 0.37 5.47 42.50 9.30 28.93 1.87 69.00 4.45 15.50 
KC3 2.40 0.33 4.53 40.00 6.50 34.02 1.70 57.00 2.85 20.00 
KC4 2.90 0.67 5.47 48.00 9.00 36.50 2.03 63.00 3.50 18.00 
KC5 2.80 0.64 5.28 48.00 8.30 38.85 1.73 50.00 2.22 22.50 
KC6 2.40 0.65 4.53 49.00 10.20 34.52 1.92 65.00 3.61 18.00 
KC7 2.40 0.47 4.53 48.00 6.00 51.00 2.62 60.00 3.08 19.50 

Darnell - Stream 
Data (n=7) 

Max. Pool 
Depth 

Riffle 
Depth 

Max. Pool 
Depth Ratio 

Chord 
Length Midordinate 

Radius of 
Curvature 

Radius of 
Curvature 
Ratio 

Meander 
Arc Length 

Meander 
Arc Length 
Ratio 

Width 
Riffle 
Bankfull 

DC1 2.30 0.72 2.19 59.00 5.40 83.28 3.89 117.00 5.47 21.40 
DC2 3.20 0.70 3.05 50.00 7.60 44.92 2.67 85.00 5.06 16.80 
DC3 3.90 0.60 3.71 80.00 9.10 92.46 4.02 145.00 6.30 23.00 
DC4 3.20 0.90 3.05 60.50 9.50 52.91 2.69 95.00 4.82 19.70 
DC5 4.80 1.50 4.57 51.00 10.00 37.51 1.88 83.00 4.15 20.00 
DC6 4.30 1.10 4.10 42.60 8.10 32.06 1.34 92.00 3.83 24.00 
DC7 3.30 1.80 3.14 60.00 9.50 52.12 2.02 85.00 3.29 25.80 

Hanging Rock - 
Stream Data 
(n=15) 

Max. Pool 
Depth 

Riffle 
Depth 

Max. Pool 
Depth Ratio 

Chord 
Length Midordinate 

Radius of 
Curvature 

Radius of 
Curvature 
Ratio 

Meander 
Arc Length 

Meander 
Arc Length 
Ratio 

Width 
Riffle 
Bankfull 

HRC2 3.40 0.35 6.03 50.00 8.60 40.64 1.40 76.00 2.62 29.00 
HRC3 1.80 0.60 3.19 46.00 9.90 31.67 1.47 50.00 2.31 21.60 
HRC6 2.60 0.70 4.61 63.00 9.40 57.48 1.98 52.00 1.79 29.00 
HRC9 2.40 0.60 4.26 62.00 10.00 53.05 2.26 86.00 3.66 23.50 
HRC10 2.30 0.70 4.08 52.30 8.70 43.65 1.59 69.00 2.52 27.40 
HRC11 2.40 0.52 4.26 44.00 8.00 34.25 1.32 65.00 2.50 26.00 
HRC12 2.10 0.80 3.72 50.00 8.40 41.40 1.84 76.00 3.38 22.50 
HRC13 3.50 0.40 6.21 42.00 10.00 27.05 1.01 66.00 2.47 26.70 
HRC15 2.20 0.63 3.90 48.00 9.10 36.20 1.25 48.00 1.66 29.00 
HRC1 .9 / 2.1 0.55 1.6 / 3.72 61.00 6.40 75.88 3.45 47.00 2.14 22.00 
HRC4 1.8 / 1.5 0.50 3.19 / 2.66 62.00 10.00 53.05 2.46 92.00 4.26 21.60 
HRC5 2.2 / 2.7 0.40 3.9 / 4.79 47.80 9.30 35.36 1.61 73.00 3.32 22.00 
HRC7 1.7 / 1.9 0.66 3.01 / 3.37 53.00 8.60 45.13 1.93 80.00 3.42 23.40 
HRC8 1.7 / 2.35 0.55 3.01 / 4.17 54.50 8.50 47.93 1.80 102.00 3.83 26.60 
HRC14 2.1 / 1.8 0.50 3.72 / 3.19 45.00 8.80 33.16 1.36 57.20 2.35 24.30 

Hoppers - Stream 
Data (n=16) 

Max. Pool 
Depth 

Riffle 
Depth 

Max. Pool 
Depth Ratio 

Chord 
Length Midordinate 

Radius of 
Curvature 

Radius of 
Curvature 
Ratio 

Meander 
Arc Length 

Meander 
Arc Length 
Ratio 

Width 
Riffle 
Bankfull 

HP5C1 2.60 0.35 6.67 36.60 8.60 23.77 1.34 52.00 2.92 17.80 
HP5C2 4.10 0.38 10.51 39.20 4.70 43.22 2.54 62.70 3.69 17.00 
HP5C3 2.30 0.38 5.90 45.70 8.10 36.28 2.16 65.50 3.90 16.80 
HP5C4 2.20 0.38 5.64 39.50 5.50 38.21 2.02 60.00 3.17 18.90 
HP5C5 2.50 0.40 6.41 56.00 7.90 53.57 2.93 84.00 4.59 18.30 
HP6C1 0.90 0.40 2.31 26.20 6.20 16.94 0.98 43.00 2.50 17.20 
HP6C2 0.90 0.40 2.31 31.20 5.60 24.53 1.46 49.60 2.95 16.80 
HP6C3 2.10 0.35 5.38 29.40 5.80 21.53 1.30 50.00 3.01 16.60 
HP6C4 1.50 0.45 3.85 40.30 5.30 40.95 2.51 79.50 4.88 16.30 
HP7C1 1.90 0.30 4.87 32.00 6.60 22.69 1.45 75.60 4.85 15.60 
HP7C2 1.60 0.40 4.10 34.30 7.10 24.26 1.20 61.60 3.05 20.20 
HP7C3 1.20 0.45 3.08 36.50 6.80 27.89 1.54 65.40 3.61 18.10 
HP7C4 1.70 0.38 4.36 35.80 5.90 30.10 1.65 53.00 2.91 18.20 
HP7C5 2.00 0.38 5.13 37.00 7.10 27.65 1.49 60.50 3.25 18.60 
HP7C6 2.70 0.42 6.92 27.30 5.30 20.23 1.12 64.30 3.57 18.00 
HP7C7 1.70 0.42 4.36 42.80 7.50 34.28 1.79 80.00 4.19 19.10 

Note: Orange Rows Indicate Compound Bends
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FULL RAW DATA, CON’T          

            

Kraft- Stream 
Data (n=7) 

Width 
Riffle 
Baseflow 

Width 
Pool 
Bankfull 

Length 
of Pool 

Head 
of Pool 
Station HP Width 

Apex of 
Pool 
Station AP Width 

End of 
Pool 
Station EP Width 

Bend 
Treatment 
Type 

KC1 11.50 22.70 36.00 11.00 14.00 31.50 14.00 47.00 11.50 Soft Combo 
KC2 10.50 19.50 48.50 9.00 12.50 34.00 11.30 57.50 12.50 Soft Combo 
KC3 10.00 24.00 32.00 10.00 10.80 22.50 12.00 42.00 13.50 Rootwads 
KC4 12.00 24.80 37.00 12.00 9.80 21.00 9.80 49.00 11.00 Combo 
KC5 10.00 20.00 33.00 9.00 9.50 18.00 9.80 42.00 13.20 Rootwads 
KC6 10.60 19.00 33.00 9.00 10.70 27.00 12.50 42.00 11.60 Soft Combo 
KC7 12.00 19.00 27.00 11.00 9.50 24.00 9.50 38.00 11.00 Rootwads 

Darnell - Stream 
Data (n=7) 

Width 
Riffle 
Baseflow 

Width 
Pool 
Bankfull 

Length 
of Pool 

Head 
of Pool 
Station HP Width 

Apex of 
Pool 
Station AP Width 

End of 
Pool 
Station EP Width 

Bend 
Treatment 
Type 

DC1 9.00 17.10 55.00 40.00 6.80 53.00 9.80 95.00 8.90 Combo 
DC2 10.00 22.30 74.00 21.00 10.30 55.00 12.00 95.00 12.40 Combo 
DC3 11.30 25.70 70.00 10.00 11.90 65.00 16.50 80.00 16.70 Combo 
DC4 10.80 26.00 55.00 15.00 12.00 59.00 13.50 70.00 21.70 Soft Combo 
DC5 13.50 20.00 40.00 45.00 15.00 67.00 17.10 85.00 16.60 Soft Combo 
DC6 15.50 26.00 55.00 85.00 17.60 100.00 12.80 140.00 17.90 Soft Combo 
DC7 16.00 24.00 55.00 20.00 20.00 30.00 18.20 75.00 17.60 Combo 
Hanging Rock - 
Stream Data 
(n=15) 

Width 
Riffle 
Baseflow 

Width 
Pool 
Bankfull 

Length 
of Pool 

Head 
of Pool 
Station HP Width 

Apex of 
Pool 
Station AP Width 

End of 
Pool 
Station EP Width 

Bend 
Treatment 
Type 

HRC2 15.00 32.50 47.00 70.00 15.30 105.00 17.80 117.00 16.30 Hard Combo 
HRC3 10.10 24.00 45.00 25.00 12.00 50.00 7.60 70.00 11.00 Combo 
HRC6 13.20 26.50 35.00 35.00 13.70 50.00 15.60 70.00 14.00 Combo 
HRC9 13.60 23.50 90.00 0.00 11.50 35.00 16.20 90.00 13.60 Combo 
HRC10 13.60 21.00 50.00 0.00 9.50 30.00 12.60 50.00 13.00 Hard Combo 
HRC11 12.10 25.80 50.00 0.00 11.00 35.00 14.20 50.00 9.50 Combo 
HRC12 13.20 25.70 85.00 0.00 10.00 50.00 14.70 85.00 13.40 Hard Combo 
HRC13 13.00 26.20 45.00 0.00 18.20 20.00 14.20 45.00 13.00 Rootwads 
HRC15 15.40 24.30 42.00 5.00 17.60 20.00 15.10 47.00 11.20 Combo 
HRC1 9.40 10.5 / 19.8 25 / 25 40 / 65 9.5 / 9.3 53 / 74 9.4 / 9.9 65 / 90 9.3 / 11.3 Hard Combo 
HRC4 9.40 18.5 / 23.4 25 / 38 30 / 55 9.6 / 10 40 / 80 10.7 / 9.8 55 / 93 10 / 10.1 Combo 
HRC5 9.20 24 / 22 33 / 37 25 / 58 12 / 11.5 50 / 70 14.2 / 8.8 58 / 95 11.5 / 16.8 Hard Combo 
HRC7 8.90 23.40 45 / 39 0.00 11.30 30 / 60 9.40 45 / 84 10.40 Hard Combo 
HRC8 11.80 25.50 35 / 73 0.00 12.10 30 / 75 15.30 35 / 108 12.30 Combo 
HRC14 11.70 24.10 20 / 30 0.00 14.50 10 and 40 10.50 20 / 50 13.80 Hard Combo 

Hoppers - Stream 
Data (n=16) 

Width 
Riffle 
Baseflow 

Width 
Pool 
Bankfull 

Length 
of Pool 

Head 
of Pool 
Station HP Width 

Apex of 
Pool 
Station AP Width 

End of 
Pool 
Station EP Width 

Bend 
Treatment 
Type 

HP5C1 5.80 20.90 45.00 0.00 5.70 20.00 8.40 45.00 7.40 Combo 
HP5C2 5.30 16.20 45.00 0.00 4.80 20.00 9.30 45.00 9.50 Rootwads 
HP5C3 5.80 15.90 45.00 0.00 5.90 25.00 9.70 45.00 7.70 Combo 
HP5C4 5.90 18.00 45.00 0.00 6.40 30.00 7.20 45.00 8.90 Rootwads 
HP5C5 5.50 18.50 75.00 0.00 7.60 20.00 8.70 75.00 14.00 Rootwads 
HP6C1 5.20 20.40 23.00 0.00 12.00 15.00 11.00 23.00 8.20 Rootwads 
HP6C2 5.30 17.50 30.00 5.00 7.40 25.00 8.40 35.00 5.80 No Treatment 
HP6C3 5.60 16.30 30.00 8.00 6.10 20.00 7.20 38.00 6.20 Rootwads 
HP6C4 4.50 18.30 42.00 15.00 8.10 40.00 8.00 57.00 8.40 Rootwads 
HP7C1 4.40 16.30 55.00 10.00 9.50 25.00 9.60 65.00 8.30 Rootwads 
HP7C2 4.60 17.70 25.00 15.00 9.00 30.00 8.90 40.00 8.00 Soft Combo 
HP7C3 5.20 17.30 30.00 15.00 8.50 30.00 5.20 45.00 5.00 Soft Combo 
HP7C4 5.60 17.90 35.00 10.00 6.70 25.00 6.20 45.00 7.20 No Treatment 
HP7C5 4.90 15.60 35.00 20.00 9.80 40.00 9.10 55.00 6.50 Rootwads 
HP7C6 5.30 15.90 25.00 20.00 8.40 30.00 7.90 45.00 7.50 No Treatment 
HP7C7 4.60 18.20 42.00 10.00 6.30 30.00 8.30 55.00 5.20 Soft Combo 

Table A1: Stream Site Raw Data, Con’t. Note: Orange Rows Indicate Compound Bends
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 Table A2: Kraft Reach Longitudinal Profiles 

KRAFT        

        
KC1        

Pool Length Station Depth 
Distance to 

Cover Cover Type 
Cover 
Depth Pool Notes 

36.0 11.0 1.6 2.1 boulder 0.0 Head Pool Head of Pool = 11 
 17.0 1.7 2.9 rootwad 0.9    
 22.0 2.1 2.8 rootwad 0.9    
 27.0 2.2 1.0 rootwad 2.5    
 30.0 2.4 0.0 boulder 1.8 Apex of Pool Apex of Pool = 31.5 
 32.0 2.4 2.2 cover log 0.7    
 37.0 2.1 0.0 boulder 0.5    
 42.0 2.0 1.0 boulder 3.0   Head of Glide 
 47.0 1.0 1.9 boulder 0.5 End of Pool  

        
KC2        

Pool Length Station Depth 
Distance to 

Cover Cover Type 
Cover 
Depth Pool Notes 

48.5 9.0 1.2 3.0 herbaceous veg. 0.7 Head of Pool Head of Pool = 9 
 15.0 1.5 4.4 herbaceous veg. 0.3    
 20.0 2.0 5.0 woody veg. 0.8    
 25.0 2.0 2.8 rootwad 1.5    
 30.0 2.4 2.1 rootwad 1.7    
 35.0 2.9 0.0 rootwad 1.2 Apex of Pool Apex of Pool = 34 
 40.0 2.8 1.8 rootwad 1.4    
 40.0 2.8 2.0 cover log 0.0   Log in Stream 
 45.0 2.7 1.0 boulder 2.8    
 45.0 2.7 1.0 cover log 0.0   Log Meets Bank 
 47.0 1.6 1.6 cover log 0.0    
 50.0 1.2 2.7 cover log 0.0    
 55.0 1.5 3.6 cover log 0.0    
 57.5 1.2 0.6 boulder 0.4 End of Pool End of Pool = 57.5 

        
KC3        

Pool Length Station Depth 
Distance to 

Cover Cover Type 
Cover 
Depth Pool Notes 

32.0 10.0 1.0 2.3 woody veg. 0.9 Head of Pool  
 15.0 1.5 3.6 herbaceous veg. 0.5    
 20.0 1.9 4.2 rootwad 2.1    
 25.0 2.4 5.1 rootwad 0.7 Apex of Pool Apex of Pool = 22.5 
 30.0 2.4 3.5 boulder 0.7    
 35.0 2.2 4.0 raw bank 0.0    
 37.0 1.6 6.0 raw bank 0.0   Erosion 
 42.0 1.2 5.2 raw bank 0.0 End of Pool End of Pool = 42; Erosion 
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KC4        

Pool Length Station Depth 
Distance to 

Cover Cover Type 
Cover 
Depth Pool Notes 

37.0 12.0 0.9 3.7 rock vane 0.0 Head of Pool Head of Pool = 12 
 15.0 1.1 6.3 woody veg. 0.3   Cover Log 
 20.0 2.1 3.2 rootwad 2.1 Apex of Pool Apex of Pool = 21 
 25.0 2.5 0.0 woody veg. 3.2    
 30.0 2.6 2.5 rootwad 1.5    
 32.0 2.8 2.0 rootwad 2.0    
 35.0 2.9 2.0 rootwad 1.5    
 40.0 2.5 0.0 rootwad 2.9    
 45.0 2.0 0.0 rootwad 0.7   Head of Glide 

 

49.0 0.4 2.0 cross vane 1.0 End of Pool 

End of Pool = 49; measured 
on non-bend side 

        
KC5        

Pool Length Station Depth 
Distance to 

Cover Cover Type 
Cover 
Depth Pool Notes 

33.0 9.0 1.9 2.4 boulder 0.4 Head of Pool Head of Pool = 9 
 15.0 2.1 2.5 rootwad 1.8    
 17.0 2.8 2.3 rootwad 1.0 Apex of Pool Apex of Pool = 18 
 20.0 2.8 2.2 rootwad 3.0    
 22.0 2.7 4.0 rootwad 1.5    
 25.0 2.8 0.5 rootwad 1.0    
 30.0 2.1 0.0 rootwad 1.4   Head of Glide 
 35.0 1.0 3.8 woody veg. 0.4    
 42.0 0.5 2.6 woody veg. 0.0 End of Pool End of Pool = 42 

        
KC6        

Pool Length Station Depth 
Distance to 

Cover Cover Type 
Cover 
Depth Pool Notes 

33.0 9.0 1.2 4.4 herbaceous veg. 0.0 Head of Pool Head of Pool = 9 
 15.0 1.8 2.4 log vane 1.2    
 20.0 2.2 3.3 rootwad 2.4    
 25.0 2.4 0.6 rootwad 1.0    
 30.0 2.1 0.0 cover log 3.2 Apex of Pool Apex of Pool = 27 
 30.0 2.1 4.0 rootwad 1.1    
 35.0 2.0 2.4 rootwad 2.0    

 42.0 1.1 2.5 rootwad 1.1 End of Pool 
End of Pool = 42; Head of 
Glide 
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KC7        

Pool Length Station Depth 
Distance to 

Cover Cover Type 
Cover 
Depth Pool Notes 

27.0 11.0 1.0 2.0 herbaceous veg. 0.0 Head of Pool Head of Pool = 11 

 15.0 1.3 4.0 rootwad 1.4   
Boulder Toe Present Around 
Here 

 20.0 2.4 0.0 rootwad 3.0    
 25.0 1.5 0.0 rootwad 2.0 Apex of Pool Apex of Pool = 24 
 30.0 1.6 3.1 rootwad 0.6   Head of Glide 
 35.0 1.2 3.4 raw bank 0.0   Erosion  
 38.0 0.7 5.0 herbaceous veg. 0.0 End of Pool End of Pool = 38 

 

 69



 Table A3: Darnell Reach Longitudinal Profiles 

DARNELL       

       
DC1       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

55.0 40.0 1.0 1.7 boulder 0.4 Head of Pool Boulders Mixed Within 
Rootwads 

 45.0 1.4 2.1 boulder 0.0  
 50.0 1.8 0.5 log vane 0.6  
 50.0 1.8 4.8 rootwad 0.6  
 55.0 2.3 1.8 rootwad 2.0 Apex of Pool Apex of Pool = 53 
 60.0 2.2 0.9 cover log 0.7  
 60.0 2.2 3.9 rootwad 2.0  
 65.0 1.5 2.6 rootwad 1.2  Bedrock Here 
 70.0 2.0 4.7 boulder 0.7  
 75.0 1.5 1.6 boulder 0.5  
 75.0 1.5 8.2 raw bank 0.0  
 80.0 1.7 1.9 J-hook 0.7  
 85.0 2.0 2.6 J-hook 0.3  
 90.0 1.7 2.9 J-hook 0.6  
 95.0 1.2 3.0 J-hook 0.6 End of Pool 

       
DC2       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

74.0 21.0 1.0 3.9 herbaceous veg. 0.0 Head of Pool Head of Pool = 21; Measured 
on Non-Bend Side 

 25.0 1.1 5.1 raw bank 0.0  
 30.0 2.0 4.6 herbaceous veg. 0.0  
 35.0 1.4 2.7 log vane 0.2  
 35.0 1.4 4.9 raw bank 0.0  
 40.0 1.6 2.8 boulder 0.3  
 40.0 1.6 4.9 raw bank 0.0  
 45.0 1.9 2.3 rootwad 1.0  
 50.0 2.4 0.6 cover log 0.9  
 50.0 2.4 2.4 rootwad 1.5  Measured on Non-Bend Side 

 55.0 3.2 2.4 rootwad 1.2 Apex of Pool Bedrock in the Bend 
 60.0 3.2 1.5 rootwad 2.8  
 65.0 2.4 2.6 rootwad 1.9  
 70.0 2.6 2.8 boulder  0.7  
 75.0 1.5 0.3 rock vane 0.0  
 80.0 1.5 3.7 rock vane 0.0  
 85.0 2.9 2.5 rock vane 0.3  
 90.0 1.9 5.0 woody veg. 0.0  
 95.0 1.8 5.6 raw bank 0.0 End of Pool 
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DC3       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

70.0 10.0 1.1 3.3 herbaceous veg. 0.0 Head of Pool 
 15.0 2.0 2.0 herbaceous veg. 0.0  Measured on Non-Bend Side 

 20.0 3.7 6.0 herbaceous veg. 0.0  Measured on Non-Bend Side 

 25.0 3.8 3.7 J-hook 1.3  Noted As a Rock Vane? 
 30.0 3.9 3.8 J-hook 1.0  
 35.0 3.8 4.0 J-hook 0.5  
 40.0 2.5 5.5 J-hook 0.3  
 45.0 3.4 5.2 J-hook 0.0  
 50.0 2.3 1.8 log vane 1.0  
 50.0 2.3 5.0 rootwad 0.9  
 55.0 2.2 2.3 cover log 1.5  
 60.0 1.9 3.8 rootwad 0.0  
 64.0 2.3 2.0 cover log 1.1  
 64.0 2.3 3.0 rootwad 2.0 Apex of Pool Apex of Pool = 65 
 70.0 3.7 3.2 rootwad 1.0  
 75.0 3.8 2.3 rootwad 3.3  
 80.0 2.7 2.5 rootwad 1.2 End of Pool 

       
DC4       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

55.0 15.0 0.9 3.6 herbaceous veg. 0.0 Head of Pool 
 20.0 1.1 3.6 herbaceous veg. 0.0  
 25.0 1.2 4.6 herbaceous veg. 0.0  
 30.0 2.2 1.9 log vane 0.0  
 30.0 2.2 5.8 raw bank 0.0  
 35.0 2.4 6.0 log vane  0.2  
 40.0 2.5 3.6 rootwad 0.5  
 45.0 3.2 1.8 rootwad 3.0  
 50.0 3.2 2.1 rootwad 1.6  
 55.0 3.2 1.5 rootwad 2.7  
 60.0 2.5 2.4 boulder 2.4 Apex of Pool Apex of Pool = 59; Small 

Boulder (Large Rock) 
 65.0 2.1 4.2 herbaceous veg. 0.0  
 70.0 1.9 3.7 matting 0.0 End of Pool Erosion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      

 71



DC5       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

40.0 45.0 1.6 4.4 raw bank 0.0 Head of Pool 
 50.0 1.7 4.7 herbaceous veg. 0.0  
 50.0 1.7 0.8 log vane 0.0  
 55.0 1.9 4.8 raw bank 0.0  

 55.0 1.9 2.8 log vane 0.0  Appears to be Rock Vane 
Under Log Vane 

 60.0 2.5 0.7 boulder 0.5  
 60.0 2.5 3.6 herbaceous veg. 0.3  
 65.0 3.6 6.3 raw bank 0.0  School of Fish, 4-5 Inches 

Long 
 67.0 4.4 0.9 rootwad 3.6 Apex of Pool Minor Erosion 
 75.0 4.3 0.0 rootwad 4.7  Very Strong Current Here, ?? 

 80.0 3.0 1.0 boulder 0.2  
 80.0 3.0 5.0 herbaceous veg. 0.4  
 85.0 1.7 7.0 herbaceous veg. 0.0 End of Pool 

       
DC6       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

55.0 85.0 1.2 1.9 raw bank 0.0 Head of Pool 
 90.0 2.0 1.8 cover log 0.0  Possibly Log Vane? 
 90.0 2.0 5.1 rootwad 0.9  
 95.0 2.6 4.3 rootwad 1.5  Log Here, But Silted In 
 100.0 3.0 2.3 cover log 1.2 Apex of Pool Measured on Non-Bend Side 

 100.0 3.0 4.3 rootwad 0.6  
 104.0 3.4 2.1 woody debris 1.0 
 104.0 3.4 3.0 rootwad 2.6  
 110.0 3.0 3.7 rootwad 1.0  
 115.0 3.1 4.3 boulder 1.0  School of Fish, 2-3 Inches 

Long 
 120.0 4.3 1.5 woody debris 0.8 Rootmass 
 120.0 4.3 3.2 rootwad 2.4  
 125.0 4.1 1.2 rootwad 2.9 Appears Rootwads Detached 

From Bank 
 125.0 4.1 2.3 rootwad 2.4  Herbaceous Veg. Present 

Above Rootwads 
 130.0 3.6 4.3 cover log 1.9  
 135.0 2.8 4.2 boulder 1.2  Boulder Toe? 
 140.0 1.4 5.0 herbaceous veg. 1.2 End of Pool 
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DC7       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

55.0 20.0 1.1 7.5 herbaceous veg. 0.0 Head of Pool Measured on Non-Send Side; 
Thalweg in Center of Stream 

 20.0 1.7 2.6 woody veg.  1.0 Tree Base, Rootmass; Here 
Scallop Pool Thalweg on Left 

 25.0 3.3 2.1 herbaceous veg. 1.8  Scour Pool 
 30.0 3.0 3.9 rootwad 1.0 Apex of Pool 
 35.0 2.8 5.3 woody veg.  0.9 Also have Roots and Matting 

Here 
 40.0 2.5 7.2 woody veg.  1.0 Also have Roots and Matting 

Here 
 45.0 2.4 0.8 J-hook 0.0  Top of J-Hook 
 50.0 2.6 0.9 boulder 0.0  Measured on Non-Bend Side 

 50.0 2.6 2.2 J-hook 0.8  
 55.0 3.1 1.7 J-hook 0.3  
 60.0 3.3 7.6 herbaceous veg. 0.0  
 65.0 3.2 4.4 cover log 0.0  
 65.0 3.2 7.0 boulder 0.0  
 70.0 2.8 4.0 cover log 1.0  Rootwads Behind Here 
 70.0 2.8 5.2 boulder 0.5  
 75.0 2.2 3.7 cover log 0.0  
 75.0 2.2 6.2 matting 0.0 End of Pool Raw Bank 
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 Table A4: Hanging Rock Creek Longitudinal Profiles 
HANGING ROCK      

       
HRC1       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

25.0 40.0 0.5 2.2 rock vane 0.0 Head of Pool 1 Head Rock Vane 

25.0 45.0 0.5 3.0 rock vane 0.0  
 50.0 0.6 1.9 rock vane 0.0  End Rock Vane 
 53.0 0.9 2.8 matting 0.2 Apex of Pool 1 
 55.0 0.9 3.4 herbaceous veg. 0.0  
 60.0 0.8 1.6 cross vane 0.0  
 65.0 0.4 3.2 cross vane 0.0 End of Pool 1 / 

Head of Pool 2 
Head Cross Vane 

 68.0 0.8 1.8 cross vane 0.6  
 70.0 2.0 2.9 cross vane 0.3  
 74.0 2.1 2.9 cross vane 0.7 Apex of Pool 2 
 80.0 2.0 2.7 cross vane 0.8  
 85.0 1.5 2.7 cross vane 0.0  
 90.0 1.1 4.6 cross vane 0.0 End of Pool 2 End Cross Vane 

       

HRC2       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

47.0 70.0 1.3 0.0 woody veg. 0.5 Head of Pool Head J-hook 1; Log 

 70.0 1.3 2.5 woody veg. 0.0  Log 
 75.0 1.6 1.9 J-hook 0.4  
 80.0 2.1 2.5 J-hook 0.0  
 85.0 1.7 4.2 rocky bank 0.0     
 90.0 1.8 2.7 J-hook 0.0  Head J-hook 2 
 95.0 2.3 0.7 J-hook 0.5  
 100.0 3.0 4.0 J-hook 0.6  
 105.0 3.4 4.5 J-hook 0.0 Apex of Pool 
 110.0 3.1 6.0 J-hook 2.0  Silt Build-up to Right 
 115.0 2.0 8.0 J-hook 0.3  End J-hook 2 
 117.0 1.1 8.0 boulder 0.0 End of Pool Head Cross Vane 

Note: Orange Boxes Indicate Compound Bends
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HRC3       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

45.0 25.0 0.8 5.0 herbaceous veg. 0.0 Head of Pool 

 30.0 1.1 5.8 herbaceous veg. 0.3  
 35.0 1.2 7.0 herbaceous veg. 0.0  
 40.0 1.4 6.0 rootwad 0.9  
 45.0 1.6 2.0 rock vane 0.2  Head Rock Vane, Rootwads 

Present as Well 
 50.0 1.8 0.0 rock vane 1.3 Apex of Pool 
 55.0 1.5 2.1 rock vane 0.0  
 60.0 1.4 0.0 rock vane 0.4  
 65.0 1.2 3.0 rock vane 0.6  
 70.0 1.0 2.4 rock vane 0.5 End of Pool End Rock Vane;  2 Boulders 

Past Here is Start of Glide 

       

HRC4       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

25.0 30.0 0.4 5.8 herbaceous veg. 0.0 Head of Pool 1 

38.0 33.0 1.2 0.0 rootwad 1.9  Head Rootwads 
 35.0 1.5 0.8 rootwad 1.8  
 40.0 1.8 0.0 rootwad 3.3 Apex of Pool 1 Mass of Woody Debris on 

Rootwads 
 45.0 1.7 4.0 rootwad 0.9  
 50.0 1.4 5.2 raw bank 0.0  
 55.0 0.7 0.4 J-hook 0.0 End of Pool 1 / 

Head of Pool 2 
Head J-hook; Boulder in 
Center of Stream 

 60.0 1.3 1.0 J-hook 0.7  
 65.0 1.4 1.4 J-hook 0.0  
 70.0 1.2 1.3 J-hook 0.5  
 75.0 1.4 2.0 J-hook 0.0  
 80.0 1.5 3.6 herbaceous veg. 0.5 Apex of Pool 2 End J-hook, Root Mass 
 85.0 1.4 2.8 rootwad 1.7  
 90.0 1.1 2.7 boulder 0.5  
 93.0 0.6 4.9 raw bank 0.0 End of Pool 2 Head Cross Vane 
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HRC5       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

33.0 25.0 0.6 4.3 herbaceous veg. 0.5 Head of Pool 1 Head J-hook 

37.0 30.0 1.0 1.9 J-hook 0.0  
 35.0 1.3 2.6 J-hook 0.4  
 40.0 1.7 3.2 J-hook 1.3  
 45.0 2.2 5.0 J-hook 0.0  End J-hook 
 50.0 1.8 4.9 herbaceous veg. 2.0 Apex of Pool 1 Erosion Blowout Here, Matting 

Present 
 55.0 1.4 6.0 matting 0.0  Erosion Blowout Here  
 58.0 0.9 0.3 cross vane 0.0 End of Pool 1 / 

Head of Pool 2 
Head Cross Vane; Black Mat 
Across 

 60.0 1.9 1.2 cross vane 0.7  Black Mat Cross 
 60.0 1.9 2.8 cross vane 1.2  
 65.0 2.4 2.9 cross vane 0.7  
 70.0 2.7 1.4 cross vane 0.0 Apex of Pool 2 
 75.0 2.5 2.8 cross vane 1.0  
 80.0 2.1 3.8 cross vane 0.8  End Cross Vane 
 85.0 1.9 3.9 herbaceous veg. 1.5  Matting, Erosion Here Too 
 90.0 1.6 3.5 herbaceous veg. 1.0  Matting, Erosion Here Too 
 95.0 1.0 6.0 matting 0.0 End of Pool 2 

       

HRC6       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

35.0 35.0 0.9 5.7 rocky bank 0.0 Head of Pool 

 40.0 1.0 4.5 rocky bank 0.0  
 45.0 1.7 4.2 herbaceous veg. 0.2  
 50.0 2.5 5.5 rootwad 2.0 Apex of Pool Tributary Opposite This Point 

 55.0 2.6 5.0 rootwad 1.3  Herbaceous Veg. Here Too 
 60.0 1.9 4.3 rootwad 2.0  
 65.0 1.0 5.7 herbaceous veg. 0.0  
 70.0 0.9 5.7 cross vane 0.0 End of Pool Head Cross Vane 
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HRC7       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

45.0 0.0 1.0 1.4 boulder 0.0 Head of Pool 1 End J-hook 1 

39.0 5.0 1.1 2.8 matting 0.5  Woody Veg. Above 
 10.0 1.0 3.0 matting 0.5  Woody Veg. Above 
 15.0 1.1 3.8 woody veg. 0.9  Matting Visible 
 20.0 1.3 0.9 J-hook 0.3  Head J-hook 2 
 25.0 1.7 0.3 J-hook 0.0  
 30.0 1.6 1.3 J-hook 0.0 Apex of Pool 1 
 35.0 1.2 2.8 J-hook 0.0  End J-hook 2 
 40.0 0.8 3.4 matting 0.0  
 45.0 0.6 3.4 matting 0.0 End of Pool 1 /  

Head of Pool 2 

 50.0 0.7 0.8 J-hook 0.0  Head J-hook 3 
 52.0 1.6 0.2 J-hook 0.0  
 55.0 1.5 2.4 J-hook 0.0  
 60.0 1.9 1.8 J-hook 0.8 Apex of Pool 2 
 65.0 1.6 0.4 woody debris 0.2  End J-hook 3; Log in Front of 

J-hook 
 70.0 1.2 5.5 boulder 0.0  Large Rock 
 75.0 0.8 3.8 woody veg. 1.1  
 80.0 0.6 4.3 herbaceous veg. 0.3  
 84.0 0.3 1.4 boulder 0.0 End of Pool 2 Head Cross Vane 
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HRC8       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

35.0 0.0 0.9 1.6 J-hook 0.0 Head of Pool 1 Head J-hook 1 

73.0 5.0 1.4 2.3 J-hook 0.0  
 10.0 1.7 3.4 J-hook 0.0  
 15.0 1.7 2.7 J-hook 0.4  End J-hook 1 
 20.0 1.6 1.4 rootwad 1.3  
 25.0 1.5 0.0 cover log 0.3  Fish Here, Roughly 5-6 In. 
 25.0 1.5 1.1 rootwad 0.8  
 30.0 1.5 1.7 rootwad 0.9 Apex of Pool 2 
 35.0 0.6 0.3 J-hook 0.0 End of Pool 1 /  

Head of Pool 2 

 40.0 0.8 2.0 J-hook 0.0  
 45.0 1.1 2.8 J-hook 0.0  
 50.0 1.2 2.6 J-hook 0.4  End J-hook 2 
 55.0 1.2 3.3 raw bank 0.0  
 60.0 1.3 2.6 J-hook 0.0  Head J-hook 3 
 65.0 1.3 1.6 J-hook 0.0  
 70.0 1.4 0.4 J-hook 0.5  
 75.0 2.1 0.2 J-hook 0.0 Apex of Pool 2 
 80.0 1.6 0.0 boulder 0.0  Large Rock 
 85.0 1.6 0.5 raw bank 0.5  
 90.0 2.0 0.8 matting 0.8  
 95.0 2.35 1.1 matting 1.1  Highly Eroded Underneath 
 100.0 2.2 2.6 woody debris 2.6  Log 
 105.0 1.2 0.4 woody debris 0.4  Log 
 108.0 0.6 0.0 rocky bank 0.0 End of Pool 2 
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HRC9       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

90.0 0.0 0.3 1.5 cross vane 0.0 Head of Pool Head Cross Vane 

 5.0 1.4 3.8 cross vane 0.0  
 10.0 1.5 3.6 cross vane 0.0  
 15.0 1.9 3.4 cross vane 0.0  
 20.0 2.0 5.1 cross vane 0.0  End Cross Vane 
 25.0 2.2 4.2 boulder 0.0  Boulder Toe for Tributary, 

Small Trib. Here 
 30.0 2.4 3.8 rootwad 1.3  Rocks and Boulders Behind 

Rootwads 
 35.0 2.4 1.2 rootwad 0.8 Apex of Pool 
 40.0 2.3 1.2 rootwad 0.7  
 45.0 2.3 1.8 rootwad 1.1  
 50.0 2.2 0.7 boulder 0.0  Boulder Toe 
 55.0 2.2 0.0 woody debris 0.9  Log 
 60.0 2.0 2.4 rootwad 1.2  
 65.0 1.7 4.8 matting 0.0  
 70.0 1.2 4.3 matting 0.0  
 75.0 1.5 0.5 J-hook 0.0  Head J-hook 
 80.0 1.6 2.3 J-hook 0.4  Moss Here 
 85.0 1.6 3.2 J-hook 0.6  
 90.0 1.3 3.5 J-hook 0.2 End of Pool End J-hook 

       

HRC10       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

50.0 0.0 0.6 1.5 J-hook 0.0 Head of Pool Head J-hook 1 

 5.0 0.9 0.9 J-hook 0.4  
 10.0 1.3 0.0 J-hook 0.4  End J-hook 1 
 15.0 1.5 2.1 woody debris 1.0  
 20.0 1.3 5.8 matting 0.0  
 25.0 1.3 1.3 J-hook 0.2  Head J-hook 2 
 30.0 1.7 1.3 J-hook 0.0 Apex of Pool 
 35.0 2.0 0.4 J-hook 0.5  
 40.0 2.3 0.0 J-hook 0.0  End J-hook 2 
 45.0 2.2 5.2 raw bank 0.0  
 50.0 0.9 0.8 boulder 0.0 End of Pool Head Cross Vane 
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HRC11       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

50.0 0.0 0.8 0.4 J-hook 0.0 Head of Pool Head J-hook 1 

 5.0 1.3 1.4 J-hook 0.8  
 10.0 1.4 2.4 J-hook 0.0  
 15.0 1.8 0.9 J-hook 0.0  
 20.0 2.1 4.2 J-hook 0.0  End J-hook 1 
 25.0 2.1 4.3 rootwad 0.6  
 30.0 2.2 0.4 rootwad 2.8  
 35.0 2.4 0.6 rootwad 1.2 Apex of Pool 
 40.0 1.8 1.7 rootwad 0.7  
 43.0 0.9 0.2 J-hook 0.0  Head J-hook 2 
 45.0 1.3 2.4 J-hook 0.0  
 50.0 0.7 2.4 J-hook 0.2 End of Pool End J-hook 2 

       

HRC12       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

85.0 0.0 1.2 1.2 J-hook 0.0 Head of Pool Head J-hook 1 

 5.0 1.5 2.1 J-hook 0.3  
 10.0 1.7 3.3 J-hook 0.0  
 15.0 1.3 5.3 J-hook 0.3  End J-hook 1 
 20.0 1.4 4.1 raw bank 0.0  
 25.0 1.4 3.8 matting 0.0  
 30.0 1.1 3.2 white pipe 0.9  
 35.0 1.6 0.8 rock vane 0.5  Head Rock Vane 
 40.0 1.7 3.0 rock vane 0.7  
 45.0 2.0 0.0 rock vane 0.0  
 50.0 2.1 2.1 rock vane 0.6 Apex of Pool 
 55.0 1.9 4.1 rock vane 0.0  End Rock Vane 
 60.0 1.7 3.6 herbaceous veg. 0.7  Moss Here 
 65.0 1.4 4.2 herbaceous veg. 0.9  Moss Here 
 70.0 1.8 1.9 J-hook 0.0  Head J-hook 2 
 75.0 1.7 1.9 J-hook 0.0  
 80.0 1.5 2.1 J-hook 0.0  End J-hook 2 
 85.0 0.5 2.5 boulder 0.0 End of Pool Head Cross Vane 

 
 
 
 
 
 
 
 
 
 

 80



 
HRC13       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

45.0 0.0 1.2 1.2 boulder 0.0 Head of Pool Head of Pool in Center of 
Stream Due to Huge Boulder 
In Center 

 5.0 1.6 0.6 boulder 0.4  Possibly J-hook Here? 
 10.0 2.8 0.0 boulder 0.2  
 15.0 3.5 0.0 boulder 0.0  
 20.0 3.5 0.8 rootwad 1.5 Apex of Pool 
 25.0 3.4 0.4 rootwad 3.8  Woody Debris Here 
 30.0 3.0 1.1 rootwad 1.7  
 35.0 2.3 2.6 herbaceous veg. 0.6  
 40.0 1.4 4.0 herbaceous veg. 0.0  
 45.0 0.7 0.2 boulder 0.0 End of Pool Head Cross Vane 

       

HRC14       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

20.0 0.0 1.5 0.5 J-hook 0.0 Head of Pool 1 Head J-hook 

30.0 5.0 1.9 0.8 J-hook 0.0  
 10.0 2.1 3.1 J-hook 1.3 Apex of Pool 2 
 15.0 1.6 2.9 J-hook 0.9  End J-hook, Head Cross Vane

 20.0 1.0 0.8 cross vane 0.0 End of Pool 1 /  
Head of Pool 2 

 25.0 1.2 0.5 cross vane 0.0  
 30.0 1.6 2.3 cross vane 0.8  
 35.0 1.7 3.5 cross vane 0.0  
 40.0 1.8 2.8 cross vane 0.8 Apex of Bend 2 

 45.0 1.2 3.0 cross vane 0.0  End Cross Vane 
 50.0 0.7 5.4 herbaceous veg. 1.3 End of Pool 2 

       

HRC15       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

42.0 5.0 0.9 3.8 raw bank 0.0 Head of Pool 

 10.0 2.0 4.8 rocky bank 0.0  Pebble Pile? 
 15.0 2.0 3.8 boulder 0.0  
 20.0 2.2 2.8 rootwad 0.7 Apex of Pool Rocks Within Rootwads 
 25.0 1.6 2.2 rootwad 1.3  Rocks Within Rootwads 
 30.0 1.5 0.0 J-hook 1.5  Head J-hook 
 35.0 1.6 2.0 J-hook 0.8  
 40.0 1.5 0.7 J-hook 0.4  End J-hook 
 45.0 1.0 4.2 herbaceous veg. 0.0  
 47.0 1.0 3.5 matting 0.0 End of Pool Herbaceous Veg. Here Too 
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 Table A5: Hoppers Creek Longitudinal Profiles 
HOPPERS       

       
HP5C1       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

45.0 0.0 1.1 0.0 rock vane 0.0 Head of Pool Head of Rock Vane 
 5.0 1.4 0.0 rock vane 0.0  
 10.0 2.2 0.9 rock vane 0.0  
 15.0 2.6 2.7 rock vane 0.0  End Rock Vane 
 20.0 2.4 0.0 rootwad 1.9 Apex of Pool
 25.0 1.5 1.7 rootwad 0.6  
 30.0 1.8 0.0 rootwad 1.5  
 35.0 1.3 1.5 matting 0.0  Herbaceous veg. Here Too 
 40.0 1.4 1.1 herbaceous veg. 0.0  Matting Here Too 
 45.0 1.1 2.0 matting 0.0 End of Pool Herbaceous veg. Here Too 

       
HP5C2       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

45.0 0.0 1.5 2.4 herbaceous veg. 0.6 Head of Pool 
 5.0 2.8 3.1 raw bank 0.0  Severe Erosion Behind 

Boulder 
 10.0 3.6 2.9 boulder 0.0  Extremely Large Boulder 

Present Here 
 12.0 4.1 0.8 rootwad 2.2  
 15.0 3.9 1.0 rootwad 2.3  
 20.0 2.8 2.1 rootwad 0.7 Apex of Pool
 25.0 2.1 1.7 rootwad 0.5  
 30.0 2.0 1.3 rootwad 0.9  
 35.0 1.4 1.5 rootwad 1.2  
 40.0 1.4 2.4 herbaceous veg. 0.0  
 45.0 1.2 2.8 herbaceous veg. 0.0 End of Pool 

       
HP5C3       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

45.0 0.0 0.9 1.6 matting 0.8 Head of Pool 
 5.0 1.9 1.0 rock vane 0.7  Head Rock Vane 
 10.0 2.3 0.0 rock vane 0.0  Tributary Comes in Behind the 

Rock Vane Here 
 15.0 1.8 0.3 rock vane 0.0  End Rock Vane 
 20.0 2.1 1.1 rootwad 2.1  
 25.0 1.8 1.3 rootwad 1.4 Apex of Pool
 30.0 1.1 2.0 rootwad 0.8  
 35.0 0.9 2.0 rootwad 0.8  
 40.0 1.0 2.9 herbaceous veg. 0.0  
 45.0 0.8 3.1 herbaceous veg. 0.0 End of Pool 
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HP5C4       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

45.0 0.0 0.7 2.0 matting 0.0 Head of Pool 
 5.0 1.0 1.8 matting 0.0  
 10.0 1.7 1.1 rootwad 0.8  
 15.0 2.0 1.3 rootwad 0.0  Herbaceous Veg. Here Too 
 20.0 2.1 0.0 rootwad 1.4  
 25.0 2.2 0.3 rootwad 1.5  
 30.0 1.8 0.6 rootwad 1.2 Apex of Pool
 35.0 2.0 0.2 rootwad 0.8  
 40.0 1.5 2.6 matting 0.0  End of Rootwads 
 45.0 1.1 2.3 herbaceous veg. 0.0 End of Pool 

       
HP5C5       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

75.0 0.0 0.8 2.5 boulder 0.1 Head of Pool Rock 
 5.0 1.5 3.3 boulder 0.0  Entry of Tributary; Rock 
 10.0 1.7 5.0 matting 0.8  
 15.0 2.2 2.2 boulder 0.6  Boulder Toe 
 20.0 2.5 0.0 rootwad 2.4 Apex of Pool
 25.0 1.6 1.2 rootwad 1.3  
 30.0 1.0 0.7 rootwad 1.2  
 35.0 1.2 0.6 rootwad 0.9  
 40.0 1.7 1.2 rootwad 0.6  
 45.0 1.2 2.6 rootwad 0.4  
 50.0 1.2 3.5 rootwad 0.5  Heavily Silted In Here 
 55.0 1.3 1.6 rootwad 0.8  
 60.0 1.4 2.1 rootwad 0.4  
 65.0 1.2 3.5 rootwad 0.0  
 70.0 0.9 3.1 matting 0.0  End of Rootwads 
 75.0 1.0 3.0 matting 0.0 End of Pool 

       

       
HP6C1       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

23.0 0.0 0.4 1.1 herbaceous veg. 0.0 Head of Pool Extremely Silted In 
 5.0 0.5 0.8 herbaceous veg. 0.0  
 10.0 0.6 2.0 rootwad 1.1  
 15.0 0.8 1.7 rootwad 1.2 Apex of Pool
 20.0 0.9 0.7 raw bank 0.0  
 23.0 0.7 1.8 herbaceous veg. 0.0 End of Pool 
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HP6C2       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

30.0 5.0 0.7    Head of Pool Starting Tape at Point of 
Tangentiality/Curvature to See 
Where the Pool Starts/Ends 
Spatially 

 10.0 0.9 3.5 herbaceous veg. 0.0  
 15.0 0.9 3.4 matting 0.0  
 20.0 0.9 0.0 herbaceous veg. 0.8  
 25.0 0.9 0.8 matting 0.0 Apex of Pool Herbaceous Veg. Here Too 
 30.0 0.9 0.4 herbaceous veg. 0.5  Grass Here 
 32.0 0.8 2.2 herbaceous veg. 0.0  
 35.0 0.5    End of Pool 

       
HP6C3       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

30.0 8.0 0.9 2.1 herbaceous veg. 0.0 Head of Pool 
 10.0 0.9 1.8 raw bank 0.0  Little bit of Herbaceous Veg. 

Here 
 15.0 1.3 0.0 rootwad 0.7  
 20.0 2.0 0.0 rootwad 0.9 Apex of Pool
 25.0 2.1 0.3 rootwad 1.6  
 28.0 1.5 2.0 herbaceous veg. 0.0  End Rootwads 
 30.0 1.4 1.7 herbaceous veg. 0.0  
 35.0 1.1 1.4 herbaceous veg. 0.0  
 38.0 0.8 1.8 raw bank 0.0 End of Pool 

       
HP6C4       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

42.0 15.0 0.8 0.4 herbaceous veg. 0.0 Head of Pool 
 20.0 1.2 0.0 rootwad 1.2  
 25.0 0.8 0.0 rootwad 0.9  
 30.0 0.9 0.6 rootwad 0.0  Silted In Here 
 35.0 0.9 0.0 rootwad 1.0  
 40.0 1.1 0.8 rootwad 0.9 Apex of Pool
 45.0 1.1 0.4 herbaceous veg. 0.5  Rootwad Under Herbaceous 

Veg. 
 50.0 1.5 0.9 rootwad 0.6  End Rootwads 
 55.0 0.9 2.4 herbaceous veg. 0.0  
 57.0 0.7 1.3 herbaceous veg. 0.0 End of Pool 
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HP7C1       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

55.0 10.0 1.1 1.5 herbaceous veg. 0.0 Head of Pool 
 15.0 1.4 1.2 herbaceous veg. 0.0  
 20.0 1.9 2.1 herbaceous veg. 0.5  Bug 
 25.0 1.8 1.8 rootwad 1.0 Apex of Pool
 30.0 1.7 1.9 rootwad 0.7  End Rootwads, EP? 
 35.0 0.7 2.3 herbaceous veg. 0.0  Silted In Here Before Log 

Vane 
 40.0 0.2 3.0 herbaceous veg. 0.0  
 43.0 0.5 1.1 herbaceous veg. 0.9  o/u taken from veg overhang, 

log vane here 
 45.0 1.1 1.3 rootwad 0.9  Rootwads After Log Vane, 

Herbaceous Veg. Here Too 
 50.0 1.2 0.4 rootwad 1.5  Herbaceous Veg. Here Too 
 55.0 1.1 1.2 herbaceous veg. 0.0  
 60.0 1.0 1.5 herbaceous veg. 0.0  
 65.0 0.8 2.1 herbaceous veg. 0.3 End of Pool Measured EP Width Here; End 

MAL 

       
HP7C2       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

25.0 15.0 1.1 1.3 log vane 0.0 Head of Pool Pool Starts Behind Log Vane 
 20.0 1.4 2.3 log vane 0.4  
 22.0 1.3 1.8 boulder 0.0  Boulder Toe 
 25.0 1.6 0.9 rootwad 1.1  
 30.0 1.4 0.4 rootwad 1.5 Apex of Pool
 35.0 1.3 1.0 herbaceous veg. 0.6  
 40.0 1.1 0.7 herbaceous veg. 0.9 End of Pool 

       
HP7C3       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

30.0 15.0 0.8    Head of Pool 
 20.0 1.0 1.0 log vane 0.0  
 25.0 1.2 1.7 log vane 0.5  End Log Vane 
 30.0 1.1 1.7 herbaceous veg. 0.7 Apex of Pool
 35.0 0.7 1.2 herbaceous veg. 0.0  Large Boulder In Center of 

Stream 
 40.0 0.9 0.9 raw bank 0.0  
 45.0 0.8 1.1 herbaceous veg. 0.0 End of Pool 
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HP7C4       
Pool Length Station Depth Distance to 

Cover 
Cover Type Cover 

Depth 
Pool Notes 

35.0 10.0 1.0 2.1 herbaceous veg. 0.0 Head of Pool 
 15.0 1.0 1.7 herbaceous veg. 0.2  
 20.0 1.5 0.6 herbaceous veg. 0.6  
 25.0 1.7 0.8 herbaceous veg. 0.8 Apex of Pool
 30.0 1.4 1.3 herbaceous veg. 1.0  
 35.0 1.7 0.0 herbaceous veg. 1.1  
 40.0 1.7 1.0 herbaceous veg. 0.8  
 45.0 1.2 2.6 matting 0.0 End of Pool 

       
HP7C5       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

35.0 20.0 1.2 2.3 raw bank 0.0 Head of Pool 
 25.0 1.4 0.7 rootwad 1.9  
 30.0 1.4 1.9 rootwad 2.0  
 35.0 1.4 1.8 rootwad 0.6  
 40.0 1.5 0.0 rootwad 1.0 Apex of Pool
 45.0 2.0 0.0 rootwad 3.8  Rootwad Nearly In Center of 

Stream 
 50.0 1.7 0.0 herbaceous veg. 0.8  End Rootwads 
 55.0 1.5 1.4 herbaceous veg. 0.0 End of Pool 

       
HP7C6       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

25.0 20.0 1.2 2.4 matting 0.0 Head of Pool Right In Center of Matting 
 25.0 2.4 2.4 matting 0.0  Erosion causing deep scour 

before bend, no real HP 
 30.0 2.7 2.1 herbaceous veg. 0.0 Apex of Pool
 35.0 2.2 2.3 matting 0.0  
 40.0 0.8 1.8 herbaceous veg. 0.3  
 45.0 0.4 1.2 herbaceous veg. 0.0 End of Pool 

       
HP7C7       

Pool Length Station Depth Distance to 
Cover 

Cover Type Cover 
Depth 

Pool Notes 

45.0 10.0 1.0    Head of Pool 
 15.0 1.3     
 20.0 1.7 1.6 herbaceous veg. 0.6  
 23.0 1.6 0.0 cover log 1.0  
 25.0 1.6 0.0 cover log 2.6  Rootwad Here Too 
 30.0 1.4 1.2 rootwad 2.6 Apex of Pool
 35.0 1.1 1.7 herbaceous veg. 0.8  
 40.0 1.4 0.0 cover log 0.9  
 45.0 1.0 1.8 rootwad 1.0  
 50.0 1.0 2.6 rootwad 0.3  
 55.0 1.0 2.6 herbaceous veg. 0.4 End of Pool Cattails Here 
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Rootwad 
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DARNELL REACH 
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Soft Combination 
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(Photos and Design Figures of In-Stream Structures given in Figures C1 and C2). 
 
Cross Vanes 
(Taken from Rosgen, 1998b and Brown, 2000) 

General Description 

The Cross-Vane is a grade control structure that decreases near-bank shear stress, 

velocity and stream power, but increases the energy in the center of the channel. The structure 

will establish grade control, reduce bank erosion, create a stable width/depth ratio, maintain 

channel capacity, while maintaining sediment transport capacity, and sediment competence. The 

Cross-Vane also provides for the proper natural conditions of secondary circulation patterns 

commensurate with channel pattern, but with high velocity gradients and boundary stress shifted 

from the near-bank region. The Cross-Vane is also a stream habitat improvement structure due 

to: 1) an increase in bank cover due to a differential raise of the water surface in the bank region; 

2) the creation of holding and refuge cover during both high and low flow periods in the deep 

pool; 3) the development of feeding lanes in the flow separation zones (the interface between fast 

and slow water) due to the strong downwelling and upwelling forces in the center of the channel; 

and 4) the creation of spawning habitat in the tail-out or glide portion of the pool. 

Design Specifications 

The rock cross vane consists of a rock sill perpendicular to the stream flow located at the 

invert elevation of the stream. Two arms of the sill extend downstream along the banks, rising in 

elevation to the bankfull height as they extend downstream. The rock sill is constructed by first 

excavating a trench below the stream invert. The width of this trench should be 2/3 to 3/4 of the 

channel width. The number of stones and their size will depend on the size of the channel and the 

erosive capacity of the stream. The trench should be three times as deep as the stones are high 

and just wide enough to place the stones. Once these stones are in place, the trench is extended 

upstream of the placed stones so that a second layer of stones can be placed, half on substrate 

and half overlapping the first set of stones. The number of courses and the size of the stone will 

depend on the size of the stream, the potential for scouring, and the composition of the substrate. 

 

Rock and Log Vanes 
(Taken from Brown, 2000) 

General Description 
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Vanes are linear structures that extend out from the streambank into the stream channel in 

an upstream direction. The purpose of vanes is to reduce erosion along the streambank by 

redirecting the stream flow toward the center of the stream. In addition, they tend to create scour 

pools on the downstream side. Vanes can be made of rock or log. They grade down from the 

bankfull elevation at the streambank to the channel invert at their terminus in the stream.  

Design Specifications 

Vanes generally extend out from the stream bank 1/3 of the bankfull width and are angled 

upstream from the bank at a 20 to 30 degree angle. They should be carefully located and installed 

so as not to produce additional erosion on the upstream side where they meet the bank (eddy 

scour) or allow flows to outflank them, exacerbating existing bank erosion problems. The 

primary differences in the use of log vanes versus rock vanes is flow velocity, with log vanes 

being used in bends with comparatively less shear stress and scour. The rock vane is constructed 

by first excavating a trench for the footer stones. The footer stones are then placed in the trench 

so that there is a gap between them equal to 1/3 of the stone diameter. This gap will allow the 

vane stones to interlock with the footer stones. The vane stones should be placed on top of the 

footer stones so they are staggered over two adjacent footer stones and skewed slightly upstream 

of the footer stones. As the vane is built out and slopes down from the bank, footer stones will 

become unnecessary when the vane stones can be placed in the trench and extend up to achieve 

the desired elevation.  

 

Boulders  
(Taken from Brown, 2000 and Doll et al., 2003) 
General Description 

Along streams, the most erosion-prone area is the toe of the streambank. Boulders serve 

to protect the most vulnerable portion of the stream bank. Boulders are often combined with 

bank stabilization for the streambank area above the revetment. On smaller streams, where bank 

heights may not exceed a few feet, boulders can provide both lower and upper bank protection. A 

boulder revetment consists of a series of boulders placed along a streambank to prevent erosion 

of the toe of the bank and in some cases to protect the entire bank. Boulder clusters create 

multiple points of flow-convergence and eddies. Upwelling from subsurface flows around 
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boulders pulls material into the water column. Fish can hold behind the clusters in eddies and 

feed in the upwelling. 

Design Specifications 

A single boulder revetment is created by first excavating a trench below the invert of the 

stream along the toe of the stream bank. In this trench, a series of generally large flat or 

rectangular boulders is placed as a foundation for the revetment stones. Once the foundation 

stones have been installed, the revetment stones are placed on top the foundation. If large 

boulders are used, it is important that they be entrenched below the stream invert to prevent 

scour from dislodging them. 

 

Rootwads  
(Taken from Brown, 2000 and Doll et al., 2003) 

General Description 

A root wad is the root mass or root ball of a tree, including a portion of the trunk. Root 

wads armor a streambank by deflecting stream flows away from the bank. They also support the 

streambank structurally, provide habitat for fish and other aquatic animals and supply food for 

aquatic insects.  

Design Specifications 

Rootwads are constructed by grading the streambank back and establishing a desired 

meander radius. A trench is excavated parallel with the streambank along the radius. Starting at 

the downstream end of the meander, a footer log (18-24" diameter, 8-10' long) is placed in this 

trench. A second trench is cut perpendicular to the first back into the streambank angling 

downstream. The rootwad is placed in this trench so the trunk side of the root fan rests against 

the footer log and the bottom of the root fan faces into the flow of water. Large boulders are then 

placed on the top and sides of the footer and rootwad to hold them in place. Moving upstream, 

the next footer log is placed in the trench with its downstream end extending behind the first 

footer log and the next root wad is put in place. Some installation methods utilize a cut-off log on 

top of each rootwad to hold it in place, rather than boulders. Once the rootwad revetment is in 

place the area between and behind the rootwads is backfilled with rock/fill. The top of the stream 

bank is graded to transition into the rootwads and this area and the area between the rootwads is 

stabilized with vegetation. 
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J-Hooks  
(Taken from Rosgen, 1998b and Doll et al., 2003) 

General Description.  

The J-Hook Vane is an upstream directed, gently sloping structure composed of natural 

materials. The structure is located on the outside of stream bends where strong downwelling and 

upwelling currents, high boundary stress, and high velocity gradients generate high stress in the 

near-bank region. The structure is designed to reduce bank erosion by reducing near-bank slope, 

velocity, velocity gradient, stream power and shear stress. Redirection of the secondary cells 

from the near-bank region does not cause erosion due to back-eddy re-circulation. The vane 

portion of the structure occupies 1/3 of the bankfull width of the channel, while the “hook” 

occupies the center 1/3. Maximum velocity, shear stress, stream power and velocity gradients are 

decreased in the nearbank region and increased in the center of the channel. Sediment transport 

competence and capacity can be maintained as a result of the increased shear stress and stream 

power in the center 1/3 of the channel. Backwater is created only in the near-bank region, and the 

small departure angle gently redirects the velocity vectors from the near-bank region, reducing 

active bank erosion. The scour pool in the center 1/3 of the channel provides energy dissipation 

and holding cover for fish. The flow separation zones, or “seams” of fast and slow water that 

mark the zones of downwelling and upwelling currents, are habitat features utilized by trout. The 

“hook” portion of the vane produces a longer, wider and deeper pool than that created by vane-

only structures. The downstream pool dissipates energy and provides fish habitat. The 1/4 - 1/3 

rock diameter gaps between the rocks associated with the hook creates a vortex or corkscrew 

flow that increases the “center-channel” shear stress. The center of the channel associated with 

the hook is efficient at transporting sediment, debris and improving channel capacity and 

sediment competence. 

Design Specifications 

The vane arm portion is generally 20-30 degrees measured upstream from the tangent 

line where the vane intercepts the bank. The 20-degree angle provides the longest vane length 

and protects the greatest length of streambank. The slope of the vane extending from the bankfull 

stage bank should vary between 2-7 percent. Vane slope is defined by the ratio of bank 

height/vane length. For installation in meander bends, ratios of J-Hook Vane length/bankfull 
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width is calculated as a function of the ratio of radius of curvature/bankfull width and departure 

angle. Vane length is the distance measured from the bankfull bank to the intercept with the 

invert elevation of the streambed at 1/3 of the bankfull channel width. J-hook vanes are built like 

single vanes except for the last two to three rocks, which are spaced apart one-half the diameter 

of the rock to create flow-convergence. 

 

Large Woody Debris  
(Taken from Doll et al., 2003) 

General Description 

Large woody debris placed in pools or lodged under boulders, combined with other 

structures, can provide "snag" habitat for fish and will help trap leaf-packs, which are important 

to productivity. Logjams between vane structures can be incorporated to improve pool habitat.  

Design Specifications 

Logs should not be incorporated into a vane structure because it may create a gap in the 

structure that could cause a failure. Large woody debris can be placed in the floodplain and will 

later be available to the stream during high flows. However, too much large woody debris in the 

floodplain could cause a downstream debris jam and extensive bank erosion. 

 

 

 

Cover Logs  
(Taken from WDFW, 2004 and Sargent and Carter, 1999) 

General Description 

Cover logs are the trunks of trees place within the bend of the stream to used produce 

bend scour through complex flow, allowing for pool formation. Cover logs reduce channel 

capacity through flow obstruction, in addition to reducing flow velocities to provide pockets of 

low flow for feeding. Cover logs provide habitat through feeding substrate for 

macroinvertebrates and cover for fish. 

Design Specifications 
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Cover logs are generally placed parallel to flow or at slight angle and anchored with 

stakes, cable or rebar to ensure wood ballasting. Logs with a diameter of at least 10 inches are 

recommended in areas where water is greater than 8 inches. 
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Figure C1. Photos and Design Plans for Hard In-Stream Structures. 

Cross Vane 
Source: Rosgen, 1998b 

J-hook 

Source: Rosgen, 1998b 

Rock Vane 
Source: Brown, 2000 

Boulder 
Source: Brown, 2000 
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Figure C2. Photos and Design Plans for Soft In-Stream Structures. 
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Rootwad 

Source: Doll et al., 2003 

Log Vane 

Source: Montgomery et al., 2003 

   Source:  
Montgomery et al., 2003 

Source: Brown, 2000 

Cover Log 

Woody Debris 


