
 1

 
 
 
 
 

Review: Erosion and migration rates of stream channels 
 
 

for 
 

BC Forest Science Program 2005 
 

Implications of static riparian reserve zones for long-term function of naturally 
migrating river channels 

 
 
 
 
 

FP Number: Y051114 
 
 

by Violeta Martin 



 2

Introduction 
 
Riparian buffer strips represent the linkage between terrestrial and aquatic zones and are the last 
line of defence for waterways against human activity. These zones represent the most 
biologically productive natural ecosystems in the world, they support substantial biodiversity, 
keep the water quality healthy and stable, and are beneficial to humans, plants and animals.   
 
Vegetation in the riparian reserve zone has several important functions.  Roots stabilize stream 
banks and help prevent erosion (Benda and Sias, 2003; Lawler et al., 1997), although this tends 
to mechanically modify only the top surface (Gray and MacDonald, 1989).  Resistance to bank 
erosion is also increased because of reduced near-bank velocities, and because of the limiting 
access to grazing animals.  Banks are more prone to erosion when the buffering effects of 
riparian vegetation is lost (Rapp and Abbe, 2003).  Vegetation also provides shade and lowers 
water temperatures, which improves oxygen carrying capacity and is beneficial for fish, and  
provides litter and adds nutrients to these ecosystems (Fig.1, FEMAT, 1999).   
 
 

 
 

Figure 1: Various ecological functions of riparian forests on streams as a function of distance 
from channel in terms of tree height (FEMAT, 1999) 

 
 
Riparian reserve zones are also a primary source of Large Woody Debris (LWD), which plays a 
number of important roles that have become widely recognized by stream geomorphologists over 
the last twenty years.  LWD is important for formation of fish habitat in streams (Bisson et al., 
1987; Ward et al., 2002), it influences channel morphology in terms of pool formation (Robison 
and Beschta, 1990; Montgomery et al., 1995; Beechie and Sibley, 1997), sediment storage (Lisle, 
1986; Cederholm et al., 1997), or scour of stream bed and banks (Bilby and Bisson, 1998; 
Martin, 2001). Bilby and Ward (1989) found that there is correlation between LWD 
characteristics (amount, length, diameter), debris functions (pool scour and sediment retention) 
and stream size.  These were interpreted in a geomorphic context where stream gradient, channel 
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confinement, channel width, bed substrate size and composition were taken into account 
(Montgomery et al.,1995; Beechie and Sibley, 1997). 
 
Because of the important function of riparian buffers, a number of governments worldwide have 
regulations in place which prescribe the minimum width for the buffer that has to be left intact 
(Appendix A).  Buffer widths are usually established based on the mimimum that will ensure 
proper riparian function for a suite of processes (Fig. 1).  However, criteria for establishing 
buffer widths to maintain LWD inputs have focused on input from the riparian zone by mortality 
or windthrow, and have ignored wood supply by other processes like erosion, or landsliding 
(Benda et al, 2002).  They have also ignored the potential for ongoing bank erosion to reduce the 
width of buffers (and eventually eliminate them altogether), resulting in potential or complete 
loss of riparian function. The question then is to identify i) whether excessive erosion leading to 
rapid loss of buffer width renders narrow fixed-width buffers inadequate, and ii) the suite of 
geomorphic conditions, stream types, and erosion rates where excessive loss of riparian width 
through bank erosion is likely to require wider buffers to maintain function.  The objective of 
this review is to assess the potential of fixed-width buffers to inadequately protect riparian 
function because of bank erosion leading to reduced buffer widths, and the geomorphic context 
where this might be the case.  First, we review how bank stability is altered by channel size and 
other properties, and how other jurisdictions have begun to deal with the adequacy of fixed-
width buffers subject too erosion.  Second, we analyze data from the literature to derive 
quantitative relationships between geomorphic drivers and bank erosion rates.  These 
relationships can then be used to parameterize a general model to assess the influence of erosion 
rate on the ability of fixed-width buffers to maintain riparian function. 
 
In general, buffer zones are required for higher order fish bearing streams and buffer widths are 
predetermined based on the distance from which trees recruit to the stream channel and other 
functions as illustrated in Fig. 1, while channel migration and stream bank erosion are not taken 
into account.  Low order streams are often either permanently flowing non-fish bearing streams, 
or seasonally flowing intermittent streams.  However, they should not be left out from riparian 
management regulations, because it has been recognized that 1st and 2nd order streams (see 
Appendix A for stream classification explanations) often comprise over 70% of the cumulative 
channel length in mountain watersheds in the Pacific Northwest (Benda, 1990; Benda et al., 
1992).  These streams deliver water, sediment, nutrients, and wood to higher order fish bearing 
streams. However, there is a possibility that these streams are not of major importance for this 
review, because they are usually narrow, have low discharges, and thus smaller forces to move 
material and erode.  Also these streams are located in headwaters, and in our region these 
locations are often comprised of bedrock/boulder high gradient reaches where LWD plays a 
minor role in channel structure, and erosion is minimal. 
 
The Importance of Stream Bank Erosion 
 
For the US, about one third of all streams experience severe erosion, and half of these are in the 
Northwest and Southwest (FEMAT, 1999).  Furthermore, streams in Washington State are 
especially prone to erosion due to steep topography, extensive glacial deposits, and the effects of 
LWD on channel dynamics.  A number of investigations showed that bank erosion and 
recruitment of LWD through bank erosion is an important issue.  Some of these studies are 
discussed in more detail below. 
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Benda et al. (2002) found that wood recruitment was due primarily to landsliding and bank 
erosion in old-growth redwood forests, while logging debris and higher mortality were primary 
recruitment mechanisms in 50 year old second-growth forests in northern California, USA.  For 
all sites wood recruitment from bank erosion ranged from 0-100% with an average of 67%, 
which demonstrates that bank erosion cannot be overlooked in riparian management practices.  
For all streams wood recruitment originated from within of 20-60 m of the stream bank, with 
erosion origins within 5 m, while landslide origins could be from as far as 60 m.  They found that 
bank erosion rates were higher in second-growth sites with values as high as 0.22 m/yr vs. 0.027 
m/yr in old-growth sites (Fig. 10).  Higher erosion rates in second-growth forests could be due to 
channel meandering and migration in erosion-prone colluvium and alluvium, occurrence of large 
floods (3 of the 10 largest floods occurred during the study period), logging related debris, and 
weaker and smaller rooting system.  Old-growth sites were also in areas where the banks were 
predominantly bedrock, thus resulting in lower erosion rates. Landsliding recruitment was 
greatest in small streams located in inner gorges, which had the steepest and narrowest channels.  
For these channels, soil creep (indicative of landslide potential) ranged btw 0.017 to 0.179 m/yr.  
In general, high erosion rates were a results of circumstances where weak rock, heavy rainfall 
(annually 150-200 cm), and earthquakes in the region created steep landscape prone to mass 
wasting. 
 
Bank erosion was also the dominant LWD recruitment mechanism and accounted for 60% total 
LWD inputs in the Game Creek basin (132.5 km2) in southeast Alaska (Martin and Benda, 
2001).  The second major recruitment mechanism was tree mortality, but recruitment from bank 
erosion exceeded that due to tree mortality for drainage areas larger than 20 km2 and channels 
greater than 10 m wide. Game Creek is situated in a U-shaped glaciated valley with steep side 
slopes, and the average annual precipitation ranges from 200-250 cm.  All study segments were 
located in high gradient (up to 15%) reaches with banks highly resistant to erosion, to moderate 
to low gradient floodplain reaches (1-2%) with moderately resistant banks composed of mixture 
of colluvial and alluvial materials, to highly erodable alluvial banks in the floodplain.  Study 
sites were primarily in old-growth forests with minimal watershed impacts.  Riparian buffer 
zones were 20-30 m wide along fish bearing streams that support salmonids.  Martin and Benda 
(2001) found that bank erosion increased with drainage area, where average erosion rates varied 
from about 0.01 m/yr in the smallest channels to 0.3 m/yr for channels with drainage areas of 
about 80 km2.   
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Figure 2: Photos taken on the Fraser River u/s of Mission, BC, (V. Martin, 2004): a) erosion;  

b) landsliding. 
 
 
Processes Influencing Bank Erosion 
 
Figure 2 illustrates wood recruitment through bank erosion (a) and landsliding (b).  Bank erosion 
tends to occur along a stretch of a river bank recruiting individual trees from a narrow strip of 
land bordering the river.  Landslides recruit a number of trees and  sediment from more localised 
areas but stretching further away from the stream edge. 
 
Bank material characteristics are very important for erosion rates, processes and failure modes 
(Lawler et al., 1997; Benda and Sias, 2003).  Types of bank processes are bank erosion, bank 
failure, bank retreat, and bank advance, and are very different for cohesive and non-cohesive 
banks.  System scale is an important control over which processes achieve dominance in any 
given bank erosion system.  Mass failure is typical for cohesive banks, but is not likely to occur 
in smaller rivers with low banks.  For example, for the Swale-Ouse river system in northern 
England (Lawler et al., 1999), the primary bank erosion mechanism in upper reaches with lower 
discharges and lower stream power is weathering and frost action.  In the middle reaches, the 
optimum combination of slope and discharge is reached, thus stream power peaks and fluid 
entrainment mechanism prevails in bank erosion, which is maximized during floods.  In lower 
reaches erosion is primarily by mass failure, because the banks and the clay content become 
sufficiently high. 
 
Variables influencing bank erosion can be considered on a basin or channel scale, and there are 
independent and dependent variables (Fig. 3).  Bank erosion rates vary with climate (wet vs. 
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dry), land use (grazing vs. forests), lithology (the physical character of a rock), topography (hill 
slopes vs. valley), sediment supply, channel size (lower vs. higher order stream) and 
consequently flow rate and flow velocities, vegetation (woody vs. grassy), etc.  Vegetation can 
have both positive (bonding by roots) and negative effects (increased weight from trees and wind 
throw forces) on bank stability, depending on type of vegetation, bank geometry and bank 
materials.  Because of all these factors, bank erosion cannot be interpreted in terms of boundary 
shear stress alone (Lawler et al., 1997). 
 
 

 
Figure 3: Diagram of independent controls on channel morphology and the dependent variables 

which are subject to change or adjustment (Raines, 2003; modified from Montgomery and 
Buffington 1993). 

 
Bank erosion commonly occurs during floods and provides wood supply to channels at rates that 
depend on bank erodibility, flood frequency and stand density (Benda and Sias, 2003).  Erosion 
tends to be the greatest in lower meandering and actively migrating reaches, while it is the 
smallest in upper reaches where banks are composed of bedrock, boulders and cobbles and are 
bounded by hillslopes.  Therefore, the importance of bank erosion will depend on which part of 
the channel network is considered, and will generally be more important further downstream. 
 
Abbe et al. (2003) found that for the Hoh River, northwest Washington, channel migration rates 
were significantly lower in forested areas where the tree diameters exceeded 0.5 m than in areas 
with smaller trees or no trees at all.  In areas where old-growth was removed, the width of the 
active channel increased by as much as 25%, while erosion was almost 4 times greater.  Removal 
of mature forests could increase the width of Channel Migration Zones (CMZ) within a valley. 
Streams that are not narrowly confined by steep hillslopes will laterally migrate over time.  
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Consequently, an active management area wider than a narrow buffer should be recognized on 
streams with a significant tendency to erode; this is designated as the Channel Migration Zone, 
as described below. 
 
 
Channel Migration Zones (CMZ) 
 
Rapp and Abbe (2003) created the Framework for Delineating Channel Migration Zones, where 
the purpose is to predict those areas of the river system which are at risk from future erosion.  
CMZs can provide guidelines to reduce degradation and loss of aquatic and riparian habitat. 
 
Most channel adjustment occurs in moderately confined or unconfined reaches, which are 
commonly found in downstream lower gradient (< 3%) river segments.  These reaches are often 
transport limited and cannot move all the delivered sediment, so there is sediment deposition 
within reaches (Fig. 4).  Channels can respond with horizontal and vertical movement, where 
horizontal would be in forms of lateral migration (bank erosion), avulsions, and channel 
widening or narrowing, while vertical would be aggradation or incision.  Channel adjustment in 
terms of position, shape, dimensions and gradient is a response to the hydrologic regime, 
geologic context, valley morphology, sediment characteristics, sediment supply, riparian 
vegetation and LWD. 
 

 
Figure 4: Watershed map showing the principal zones of sediment behaviour (Church, 2002). 

 
Wood accumulations impose a strong influence on vertical (profile) and lateral (planform) 
migration of streams and rivers (Raines, 2003).  LWD is one of the main causes of avulsion 
(Keller and Swanson, 1979; Rapp and Abbe, 2003). LWD tends to create the largest effects on 
channel response in 2nd to 4th order streams with 2-10% gradients and bankfull widths that are 
less than the height of a fallen tree.  These effects are most commonly associated with bed 
elevation changes caused by log jams.  The extent of bed elevation change depends on 
recruitable wood size (usually at least 1 rootwad diameter of mature riparian tree), and on 
channel size and confinement. 
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When performing the CMZ delineation process, trends in channel movement, disturbance 
history, changes in boundary conditions, topography, bank erodibility, hydrology, sediment 
supply, as well as woody debris loading have to be taken into account.  The components to be 
identified when delineating the CMZ are (Rapp and Abbe, 2003): the Historical Migration Zone 
(HMZ), the Avulsion Hazard Zone (AHZ), the Erosion Hazard Area (EHA) and the 
Disconnected Migration Area (DMA) (Fig. 5). 
 

 
Figure 5: Components of CMZ delineation (Rapp and Abbe, 2003) 

 
 
Channel Erosion in a Geomorphic Context 
 
Not all channel types are equally prone to bank erosion and channel migration, but the types of 
channels prone to gradual (meander migration) or sporadic (avulsions) erosion have been well 
categorized and described by O’Connor and Watson (1998).  They use either the Rosgen (1994) 
stream classification, or the State of Washington channel classification system (see Appendix B).  
The following text is an excerpt of the relevant part of their work: 
 

“The ratio of flood prone width to bankfull width is the entrenchment ratio.  
Entrenched channels have an entrenchment ratio (ER) ≤ 1.4, moderately 
entrenched channels have 1.4 < ER ≤ 2.2, and slightly entrenched channels have 
ER > 2.2 (Rosgen, 1994).  Interpreted for purposes of predicting potential 
channel migration, slightly entrenched channels (Rosgen Types E, C, D and DA) 
have the greatest potential for channel migration, while moderately entrenched 
channels (Rosgen Type B) have modest potential.  Entrenched channels (Rosgen 
Types A, F and G) have little or no potential for channel migration. 
 
Using Rosgen’s system of channel classification, channels prone to channel 
migration might include Types E, C, D and DA, which are defined to have slopes 
< 2% (Rosgen 1994; Rosgen and Silvey, 1996).  Type B channels with some 
channel migration potential range in slope from 2% to 4%.  Hence, channels with 
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slope > 4% could be excluded on the basis of interpretation of Rosgen’s 
classification system.” 

 
Figures 6 and 7 illustrate the Rosgen stream classification in terms of channel type, planform, 
slope, cross-section, entrenchment ratio, dominant bed material, width to depth ratio, and 
channel sinuosity. 
 
 

 
Figure 6: Stream channel types (after Rosgen and Silvey, 1996) 
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Entrnch- 
ment. <1.4 1.4 - 2.2 <2.2 n/a <4.0 <2.2 >1.4 >1.4 
W/D 
Ratio <12 >12 >12 >40 <40 <12 >12 <12 
Sinuos 
-ity 1-1.2 >1.2 >1.2 n/a variable >1.5 >1.2 >1.2 
H20  
Slope .04-.099 .02-.039 <.02 <.04 <.005 <.02 <.02 .02-.039 

Figure 7: Channel type classification based on dominant bed material (after Rosgen and Silvey, 1996)  
Source: http://www.epa.gov/watertrain/stream_class/18solo.htm 
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“An alternative to Rosgen classification is the system defined for watershed 
analysis by the State of Washington (Washington Forest Practices Board, 1995).  In 
this system, confined channels are defined to be those in which the ratio of valley 
floor or floodplain width to channel width is < 2.  Channels with moderate 
confinement have ratios between 2 and 4, and unconfined channels have ratios > 4.  
The means to define the valley width in this system are not precisely defined, 
leading to a somewhat ambiguous classification.  However, using this system, 
channels with valley width to channel width ratios > 2 could be expected to have 
potential for channel migration. 
 
The Washington method classifies stream channels according to slope classes that 
roughly correspond to channel morphologic types defined by Montgomery and 
Buffington (1993).  These slope classes are < 1%, 1-2%, 2-4%, 4-8%, 8-20% and > 
20%.  Subsequent research by Montgomery and Buffington (1997) redefined the 
slope classes corresponding to channel geomorphologic types as <1.5% (pool-
riffle), 1.5-3% (plane-bed), 3-6.5% (step-pool), and >6.5% (cascade).  Field 
observations by the author suggest that channel migration occurs in valleys as steep 
as the 8-20% slope class, typically in reaches where channel slope declines relative 
to areas upstream.  However, as slope increases, valley confinement and channel 
entrenchment generally increase and thereby limit the horizontal range of 
migration.  In other words, valley width is rarely > 2 bankfull widths in channels 
with slopes > 8%.  Field observations by the authors suggest that significant 
channel migration occurs infrequently where channel slope > 6%.  On the basis of 
field experience and the Washington DNR watershed analysis classification 
system, CMZ’s would be limited to channels with slopes < 8% with moderately 
confined or unconfined boundaries.” (O’Connor and Watson, 1998) 

 
With respect to the correlation between the CMZ and the riparian management zone, O’Connor 
and Watson (1998) consider two cases:  
(a) the CMZ is less or equal to the riparian management zone - the primary concern in this case 
is if the existing regulatory requirement is such to provide sufficient trees in place to maintain the 
aquatic ecosystem function;  
(b) the CMZ is wider than the riparian management zone - in this case the primary concern is the 
risk of the channel migrating beyond the existing riparian management zone.  They propose that 
the regulatory requirements for leaving the trees in place should at least extend to include the 
CMZ. 
 
A summary of channel migration processes with respect to the geomorphic setting is presented in 
Tables 1 and 2 (after O’Connor and Watson, 1998).  Possible channel migration processes are 
considered with respect to the channel type, gradient and entrenchment ratio, morphology, 
sinuosity, bed and bank material, and sensitivity to LWD and coarse sediment. 
 

  
 
 
 
 

Table 1: Classification of channel migration processes by stream channel slope and confinement 
classes and hypotheses regarding frequency and process (after O’Connor and Watson, 1998). 
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Confinement or 
Entrenchment 

Low Gradient 
 < 1.5 % Channel Slope 

Moderate Gradient 
1 - 6% Channel Slope 

High Gradient 
4 - 8% Channel Slope 

Confined/ 
Entrenched 
(ER ≤ 1.4) 

Uncommon channel type; no 
hypotheses regarding channel 
migration processes  

Channel migration unlikely Channel migration unlikely 

Moderately 
Confined/ 
Moderately 
Entrenched 
(1.4 < ER ≤ 2.2) 

Uncommon channel type; no 
hypotheses regarding channel 
migration processes  

CMZ C (3-6%) 
Channel migration by 
avulsion is not uncommon, 
but is likely to be spatially-
discontinuous, depending on 
local variation in valley slope 
and width and disturbance 
regime 

CMZ E 
Channel migration by avulsion is 
uncommon, and is likely related 
to debris flows and torrents; may 
be locally significant depending 
on local variation in valley slope 
and width and disturbance 
regime 

Unconfined or 
Slightly 
Entrenched 
(ER > 2.2) 

CMZ A (<1.5%) 
Channel migration by gradual 
erosion of meander bends is 
common; avulsions may also 
occur. Areas of potential 
migration are spatially 
continuous and include much 
or all of the floodplain. 

CMZ B (1-3.5%) 
Channel migration by 
avulsion may be common.  
Areas of potential migration 
are spatially discontinuous 
and include much or all of the 
floodplain. 

CMZ D 
Channel migration by avulsion 
may be common, and is likely to 
be related to alluvial fan and 
debris flow fan processes. 
Process may be spatially 
discontinuous continuous, or 
localized, depending on fan-
building processes.  
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Table 2: Summary characteristics of hypothesized channel migration zone (CMZ) types (after 
O’Connor and Watson, 1998). 

CMZ 
CHARACTERISTIC 

TYPE A TYPE B TYPE C TYPE D TYPE E 

Diagnostic Characteristics     
Channel Migration 
Processes 

Bank erosion 
(primary) and 
Avulsion 
(secondary) 

Avulsion 
(primary) and 
bank erosion 
(secondary) 

Avulsion Fan-related 
(alluvial & 
debris flow 
fans) 

Avulsion 
(debris flow 
& debris 
torrent) 

Entrenchment Ratio ER > 2.2 ER > 1.4 ER > 1.4 ER > 2.2 1.4 < ER ≤ 
2.2 

Slope < 1.5 % 1-3.5 % 3-6 % 4-8 % 4-8 % 
Channel 
Morphology 

Pool-riffle, 
plane-bed 

Forced pool-
riffle, plane 
bed, step-pool 

Step pool, 
forced pool-
riffle, plane 
bed  

Step-pool, 
cascade, plane 
bed 

Step-pool, 
cascade, plane 
bed  

Supplementary Descriptive  
Characteristics   

  

Longitudinal 
Distribution of CMZ 

Continuous  Continuous or 
Discontinuous 

Discontinuous Continuous or 
Discontinuous 

Discontinuous

Sinuosity High Moderate Moderate Low Low 
Channel Bed 
Substrate  

Silt, Sand, 
Gravel, 
Cobble 

Gravel, 
Cobble 

Gravel, 
Cobble, 
Boulder 

Cobble, 
Boulder 

Cobble, 
Boulder 

Bank Material Same as bed Same as bed 
or coarser 

Same as bed 
or coarser 

Typically 
same as bed, 
possibly 
coarser 

Typically 
coarser than 
bed, possibly 
same  

Relative Landscape 
Frequency  

Common Common Uncommon Rare (active 
fans) 

Rare (depends 
on landslide 
type & 
frequency) 

Management Sensitivity   
Channel Migration 
Potential (1) 

High High High Moderate Low-
Moderate 

CMZ Sensitivity to 
LWD (2) 

Moderate High High Moderate High 

CMZ Sensitivity to 
Coarse Sediment 

High High High High Moderate 

Notes 
1.   Channel migration potential is evaluated relative to other CMZ types.  The actual occurrence 

of channel migration is thought to be a function of both local and upstream disturbance, and 
variation in local channel slope and confinement within a reach of the given type. 

2.   The influence of LWD on channel migration processes is affected by channel width.  As 
bankfull channel width increases, a smaller proportion of LWD is likely to have an effect on 
channel morphology because LWD pieces that are shorter than the bankfull width will tend 
to be transported downstream.  In Washington and Oregon, LWD abundance in stream 
channels with bankfull widths between 30 and 50 feet decreases significantly compared to 
narrower channels (e.g. Bilby and Ward, 1989). 
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Review of published erosion rates 
 

Hooke (1980) collected bank erosion data using erosion pins on rivers in Devon, England, and 
compared these to data collected worldwide for meandering streams only.  She found that most 
erosion takes place in events that occur several times a year (moderate but frequent events), as 
opposed to less frequent larger events.  Hooke (1980) plotted the erosion rate data against the 
drainage size (as a surrogate for discharge or stream width, which are proportional to drainage 
area – see Fig. 8) and developed a power equation for this relationship (Eqn. 1).   
 

Erosion = 0.0245 * DA0.45,     [1] 
 

where DA is the drainage area for the stream for which the erosion rate was measured. 
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Figure 8: Relationship between the drainage area and the channel width for data published in 

Hooke (1980) 
 
Information on where in the watershed the erosion was measured is not provided in Hooke 
(1980), but I assumed that it is closer to the downstream end of the watershed, where meandering 
channels are most frequent and where rivers rework their own deposits.  Another assumption is 
that erosion measurements are most often carried out for most actively eroding sections that are 
of some concern (as opposed to random or representative sections), which means that the plot 
would be more relevant to maximum erosion and not the average erosion rates for a given 
stream, even if the average erosion rates are plotted for a given site.  Erosion data obtained from 
a number of other studies (Hickin and Nanson, 1984; Hickin 1988; Lawler, 1993; Maritn and 
Benda, 2001; Benda et al., 2002; O’Connor et al, 2003; Micheli et al, 2004; and Zaimes et al., 
2004) were added to Hooke’s (1980) graph, and Figure 9 and Equation 2 were developed: 
 
   Erosion = 0.0475  * DA0.4     [2] 
 
(Note: Equation 1 could not be reproduced exactly using data provided in Hooke (1980), because 
some of the data are missing from the tables presented in the paper.  The equation based on the 
available data was calculated to be:  Erosion = 0.0341 * DA0.47.) 
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Figure 9: Relationship between the erosion rate and the drainage area for various rivers and 

streams from around the world 
 

In general, the exponent for all three equations is similar, while there is somewhat more variation 
in the coefficient or intercept, which depends primarily on the size of the smallest watershed 
represented on the graph.  There is a fair bit of scatter evident in Figure 9 and erosion varies two 
and even close to three orders of magnitude for very large watersheds, but the general trend is 
evident.  The reasons for this scatter are numerous, starting from rivers being in diverse 
geoclimatic settings, to differences in erosion rates due to land-use practices, old-growth vs. 
second-growth forests, different methods of determining the erosion rate, or erosion 
measurements performed at different locations in the watershed. 
 
For instance, the effects of land use on erosion rates are evident in Fig. 10.  In this example of 
stream bank erosion in old growth vs. second growth forests (Fig. 10), it can be seen that erosion 
rates are considerably higher in the second growth forest, confirming the authors findings 
discussed previously (Benda et al., 2002).  Interestingly, erosion rates appear to be independent 
of drainage area in this example, and are primarily affected by land use; however the effects of 
landuse in this study were confounded to some extent by geology, with old growth reaches 
present in stable boulder-bedrock channels, and second growth sites in downstream colluvial 
deposits. 
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Figure 10: Erosion rate in old-growth vs. second-growth redwood forests in Northern CA 

(from Benda et al., 2002) 
 

Figure 11 illustrates an additional example of land use, where riparian forests were compared to 
row-crop fields and grazed pastures along a continuous stream reach 11 km long on the Bear 
Creek in central Iowa (Zaimes et al., 2004).  There were no buffers left along the stream for 
pastures and row crops.  The channel morphology was meandering for pastures, meandering or 
channelized for row-crops, and meandering for the forest (as indicated in Fig. 11).  The erosion 
rates were the smallest in the forests and the largest for row crop 1 and for cow pasture. 
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Figure 11: The influence of land use on erosion rates (Zaimes et al., 2004) 

 
Martin and Benda (2001) provide a good example of erosion rates increasing with the distance 
downstream within the same watershed in Game Creek, Alaska (Fig. 12).  While there is still 
some scatter evident, the relationship between the drainage area and the erosion rate is much 
tighter than for world data in Fig. 9, where R2=0.84 vs. 0.63, respectively.  The power 
relationship is very similar to those given in equations 1 and 2. 
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Figure 12: The influence of the erosion measurement location on erosion rate for the Game 

Creek watershed in Alaska (Martin and Benda, 2001) 
 

It is difficult to assess the independent effects of drainage area and gradient on erosion rates, 
because channels in headwaters tend to have smaller drainage areas and higher gradients, while 
larger channels in the lowlands have lower gradients and accumulate water from much larger 
drainage areas (Fig.13). 
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Figure 13: Relationship between the drainage area and channel gradient for data of Martin 

and Benda (2001), Benda et al. (2002) and O’Connor et al. (2003). 
 

We attempted to test for channel slope effects on erosion rates by controlling for drainage area. 
The channels for which slopes were known are highlighted on the erosion vs. drainage area 
graph (Fig. 14), and the data are stratified based on the slope (using the classification of 
Montgomery and Buffington (1993)).  Certain slopes are associated with certain channel 
morphologies and Figure 14 outlines the range of drainage areas and erosion rates that can be 
expected for such channels. However, there were insufficient data points with both erosion rate 
and slope to extract a meaningful quantitative relationship (Fig. 14). 
 
 



 18

y = 0.0475x0.4002

R2 = 0.6272

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.
E-

01

1.
E

+0
0

1.
E

+0
1

1.
E

+0
2

1.
E

+0
3

1.
E

+0
4

1.
E

+0
5

1.
E

+0
6

1.
E

+0
7

Drainage Area [km2]

Er
os

io
n 

R
at

e 
[m

/y
r]

               Slope
pink        <1%
blue       1-2%
yellow   2-4%
green    4-8%
red        >8%

 
Figure 14: Relationship between the channel slope, drainage area and erosion rate. 

 
 
Because we are explicitly interested in modelling erosion rate effects on riparian management in 
British Columbia, we analyzed the subset of world data from northwest North America 
separately. Figure 15 outlines the data for northwest America (red squares around data points), 
together with the best fit power relationships for all data and for northwest American data alone.  
Although data from northwest America fits well with the rest of the data, the slope and the 
intercept in the power relationship are somewhat different.  The scatter in erosion rates is evident 
and often ranges up to two orders of magnitude, so that any difference in slope or intercept are 
not significant (e.g. the North American data set predicts higher erosion rates for smaller 
watersheds).   
 
Data of Hickin and Nanson (1984) and Hickin (1988) represent larger rivers from BC and 
Alberta with drainage areas ranging between 1,000 and 100,000 km2, and fall within the rest of 
the data with erosion rates ranging for about one order of magnitude. 
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Figure 15: Relationship between drainage area and erosion rate for data from around the world 

with outlined data for northwest America. 
 
 
Conclusion 
 
The relationship between drainage area and erosion rate (Fig. 15) could be used as a predictor of 
how much erosion to expect in different geomorphic settings if used in combination with the 
channel classification chart (Fig. 7, Rosgen and Silvey, 1996), and with Tables 1 and 2 
(O’Connor and Watson, 1998).  We will use this relationship as the basis for modeling the 
effects of different bank erosion rates on LWD inputs to steams, and the consequences of LWD 
inputs of fixed-width buffers in the presence of bank erosion.  To provide realistic bounds on the 
dynamics that can be expected for a given channel size, a sensitivity analysis should be 
preformed using a range of erosion rates. 
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Appendix A. Designated Riparian Reserve Zones 

BC  Regulations 
 
"riparian management area" means an area of a width determined in accordance with 
Schedule D that  
 (a) is adjacent to a stream or wetland or a lake with a riparian class of L3, and  
 (b) consists of a riparian management zone and, depending on the riparian class of the stream, 
wetland or lake, a riparian reserve zone;  
  
 "riparian management zone" means that portion of the riparian management area that is 
outside of any riparian reserve zone or if there is no riparian reserve zone, that area located 
adjacent to a stream, wetland or lake of a width determined in accordance with Schedule D;  
  
"riparian reserve zone" means that portion, if any, of the riparian management area or 
lakeshore management area located adjacent to a stream, wetland or lake of a width determined 
in accordance with Schedule D; 
 
Riparian classes of streams: 
  
90(1) Fish streams are of the following riparian classes:  
  

Stream Width (m) Riparian Class

> 20 S1 

> 5 < 20 S2 

1.5 < 5 S3 

< 1.5 S4 
 

 (2) Streams that are not fish streams are of the following riparian classes:  
  

Stream Width (m) Riparian Class

> 3 S5 

< 3 S6 
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Minimum widths of riparian reserve zones and riparian management zones 
 
 91 (1) For each riparian class referred to in section 90, the minimum riparian reserve zone width 
and riparian management zone width on each side of the stream are as follows:  
  

Riparian 
Class 

Riparian Reserve 
Zone  (m)  

Riparian Management
Zone  (m)  

Riparian Management
Area (m)  

S1 50 20 70 

S2 30 20 50 

S3 20 20 40 

S4 0 30 30 

S5 0 30 30 

S6 0 20 20 
 

2) Despite subsection (1), if a stream has, on average, over a one km length,  
(a) a channel width of 100 m or greater, and  
(b) an active flood plain width of 100 m or greater,  

the stream has no riparian reserve zone, but does have a riparian management zone of 100 m or 
the width of the active flood plain, whichever is greater.  
 
(3) Despite subsection (1), for any stream the district manager, with the agreement of a 
designated environmental official, may vary the width of the riparian reserve zone or riparian 
management zone referred to in that subsection.  
  
(4) Despite subsection (2), for a stream referred to in that subsection, the district manager, with 
the agreement of a designated environmental official, may  

(a) require a riparian reserve zone, and  
(b) specify the width of that zone.  

  
(5) The riparian reserve zone extends the widths specified in subsection (1), (3) or (4) from the 
edge of the stream channel bank.  
  
(6) The riparian management zone extends from  

(a) the outer edge of the riparian reserve zone, or 
(b) if there is no riparian reserve zone, the edge of the stream channel bank  

  to   
(c) the top of the inner gorge of the stream, or 
(d) whichever of the following is the greater: 

   (i) the widths specified in subsection (1), (3) or (4);  
   (ii) the outer edge of any  
  (A) active flood plain, or  
  (B) wetland that is less than 1 ha in size and is within the widths of the 

riparian management area specified in subsection (1), (3) or (4).  
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US Regulations 
The following regulations for California, Washington and Oregon are copied from the FEMAT 
document found on the Internet at http://pnwin.nbii.gov/nwfp/FEMAT/Chapter_5/. 
 
Current State Forest Practice Regulations for Riparian Protection  
 
California 
 
The width of the Watercourse and Lake Protection Zone is determined by slope steepness and water 
class. Rules are provided for all activities within the Watercourse and Lake Protection Zone. Timber 
harvest is allowed with appropriate equipment. Up to 50 percent of the overstory and 50 percent of 
the understory may be removed in the protection zone. Of the 50 percent overstory, at least 25 
percent must be coniferous, but exceptions can be made. Exceptions for higher levels of removal are 
given. Existing roads in all buffers can be utilized, but in general no new roads are allowed in Class I 
or II zones. Specifications appear in the rules for road building, use of heavy equipment, prescribed 
burning, and other common silvicultural practices.  
 
Water class characteristics or key indicator beneficial use for Watercourse and Lake Protection Zone:  
 
Class I-1) Domestic water supplies, including springs on site and/or within 100 feet downstream of 
the operations area and/or  

2) Fish always present or seasonally present onsite includes habitat to sustain fish migration 
and spawning.  
Class II-1) Fish always or seasonally present downstream and/or  

2) Aquatic habitat for non-fish species  
 
Class III- No aquatic life present, watercourse showing evidence being capable of sediment 
transport. Class I and II waters under normal high water flow conditions after completion of 
timber operations.  
Class IV- Man made water courses, usually downstream, established domestic, agricultural, 
hydro-electric supply or other beneficial uses.  
 
Stream and riparian protection; California Forest Practice Rules  
 

 
 
Washington  



 26

 
Under the Washington State Forest Practices Rules and Regulations Washington has designated 
five water categories determined by water usage and water quality. Riparian Management Zones 
are measured horizontally from the ordinary high water mark of Type 1, 2, and 3 waters and 
must extend to the line where vegetation changes from wetland to upland plant community or to 
a line required to leave sufficient shade. The widths of the riparian management zones currently 
being implemented in Washington are designed to, on the average, recruit 70 percent of historic 
large woody debris. 
 
Watershed analysis is required on certain sensitive watersheds.  
  

 
 
Watershed analysis is a Best Management Practice designed to assess selected biological and 
physical parameters of the environment within a watershed administration unit. The watershed 
analysis also provides information needed to regulate cumulative impacts of forest practices on 
fish, water, and capital improvements on state land and its subdivisions. Level I assessments are 
low intensity evaluations of a watershed administration unit to identify areas of resource 
sensitivity and to determine whether a more sensitive level 2 Assessment is needed.  
 
From Reynolds (2003): Washington Forest Practices Rules prohibit most logging in CMZs 
defined as “the area where the active channel of a stream is prone to move and this results in a 
potential near-term loss of riparian function” (WAC 222-16-010).  This way they are trying to 
provide corridors of mature forests along rivers prone to lateral migration (so the riparian buffer 
width is not a predetermined fixed width, but is equivalent to the CMZ).   
 
Oregon 
 
Requirements are set for the average width of Riparian Management Areas for streams, estuaries, 
lakes and wetlands. The measurement is the average width over the length of stream where the 
operation occurs. The absolute width may vary depending on topography, vegetative cover, 
needs of the harvesting plan, and aquatic and wildlife habitat needs. Riparian Management Areas 
must be managed for protection of riparian values along Class I streams. The Riparian 
Management Area width on each side of the stream shall average 3 times the stream width, but 
shall not be less than 25 feet or greater than 100 feet. In Riparian Management Areas adjacent to 
Class I waters, an average of 75% of the pre-operational shade must be maintained over the 
aquatic area; at least 50% of the pre-operational tree canopy must be maintained; and conifers 
must be retained in the half of the Riparian Management Area closest to the water (or an average 
of 25 feet of the water whichever is greater).  
 
Class I Waters - fishery and domestic use  
Class II SP Waters - Class II waters that have a special impact on Class I waters.  
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Class II Waters are not Class I but have a defined channel or bed 
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APPENDIX A: Stream Classification 

This appendix contains and overview of stream classification systems that are relevant to 
assessing erosion potential as discussed in the main text of the review, with an emphasis on 
Rosgen (from http://www.epa.gov/watertrain/stream_class/index.htm).   

Stream Order 
 

 

Streams with no tributaries are 1st order; two first order streams joining 
form a 2nd order stream, etc. Entrance of smaller order tributaries does 
not change the order of a stream. See diagram.  

This system has two basic problems:  

1. How to define a first order stream since tributaries may be too 
small to be seen. This is usually resolved by saying a stream 
exists if it is shown on a 1:25000 topo map.  

2. It is designed for a dendritic drainage system. In elongated 
systems, the stream may remain low order while growing 
atypically large. For example, Big Chico Creek becomes third 
order at its confluence with Cascade Creek after about 10 km of 
flow. For the next 50 km it remains 3rd order even though its 
volume increases by a factor of 5.  

Stream Magnitude 

 

Streams with no tributaries are 1st magnitude; two first order streams 
joining form a 2nd magnitude stream just as with stream order. However, 
magnitude increases by one for each first magnitude stream entering. 
Thus magnitude increases at each confluence and the resulting 
magnitude will always be the sum of the magnitudes of the conjoining 
tributaries. See diagram.  

Comparison:  

1. Magnitude has the same problem as order with respect to 
defining a first magnitude stream and is resolved the same way: 
a stream exists if it is shown on a 1:25000 topo map.  

2. Magnitude serves better than order to classify elongated systems 
and is more descriptive for small streams.  

3. Magnitude becomes cumbersome for large streams; addition of 
another first magnitude stream would increase the magnitude 
from, for example, 200 to 201, but the dynamics of the system 
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would not change.  

Basics of the Rosgen classification system, a widely-used method for classifying streams and 
rivers based on common patterns of channel morphology. The text and visuals presented here are 
copyrighted material reproduced by permission from the following source  
(http://www.epa.gov/watertrain/stream_class/05set.htm): 

Rosgen, D.L. and H.L. Silvey. 1996. Applied River Morphology. Wildland Hydrology Books, 
Fort Collins, CO 

• the Level I classification, which is based on the stream characteristics that result from 
relief, landform, and valley morphology;  

 
 

 
 

• the Valley type, a primary determinant of stream form; 
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Valley Morphology 

Identification of valley types and related landforms can provide the basis for an initial indication 
of river morphology. For example, river breaklands and highly dissected fluvial slopes are 
indicative of steep, narrow, deeply incised, erosional A and G stream types. Narrow, confined 
canyons and deep gorges within landforms exhibiting low elevational relief characteristically 
contain "F" stream types. Broad alluvial valleys with well developed floodplains generally 
indicate the presence of "C" and "E" stream types. Cryoplanated uplands consisting of gentle 
terrain features, narrow valleys and colluvial slopes normally display relatively stable "B" stream 
types of both moderate width/depth ratio and entrenchment. Well vegetated, lacustrine meadows 
with a gentle gradient typically contain the sinuous "E" and "C" stream types, and glacial 
outwash valleys or plains often exhibit well developed, braided or "D" stream types.  

There are 11 valley types described in this section of the module. 
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Valley Type I 
Notched canyons, rejuvenated sideslopes 

A Type I valley is V-shaped, confined, and is often structurally 
controlled and/or associated with faults. Elevational relief is high, 
valley floor slopes are greater than 2%, and landforms may be steep, 
glacial scoured lands, and/or highly dissected fluvial slopes. Valley 
materials vary from bedrock to residual soils occurring as colluvium, 
landslide debris, glacial tills, and other similar depositional materials. 
Stream types commonly observed in valley Type I include types "A" 
and "G" which are typically step/pool channels with steeper channel 
slopes exhibiting cascade bed features. Stream channel erosional 
processes vary from very low and stable to highly erodible, producing 
debris torrents or avalanches. Often the "A" stream types in certain 
hydro-physiographic provinces are the starting or conveyance zones for 
snow avalanches.  

Valley Type II 
Moderately steep, gentle sloping side slopes often in colluvial valleys

Valley Type II exhibits moderate relief, relatively stable, moderate side 
slope gradients, and valley floor slopes that are often less than 4% with 
soils developed from parent material (residual soils), alluvium, and 
colluvium. Cryoplanated uplands dominated by colluvial slopes are 
typical of the landtypes that generally comprise Valley Type II in the 
northern Rocky Mountains. The stream type most commonly found in 
Valley Type II are the "B" types which are generally stable stream 
types, with a low sediment supply and bed features normally described 
as "rapids." Less common are "G" stream types that are observed 
generally under disequilibrium conditions. 

Valley Type III 
Alluvial fans and debris cones 

Valley Type III is primarily depositional in nature with characteristic 
debris-colluvial or alluvial fan landforms, and valley-floor slopes that 
are moderately steep or greater than 2%. Stream types normally 
occurring in Valley Type III are the "A," "B," "G," and "D" types. The 
"B" stream type which is less common on alluvial or colluvial fans 
occurs primarily on "non-building" stable fans and where riparian 
vegetation is well established along the drainage-way. The "G" stream 
type prevails where there is little established riparian vegetation in the 
presence of high bedload transport on actively "building" fans, similar 
to the multiple distributary channels of the "D" stream type. 

Valley Type IV 
Gentle gradient canyons, gorges and confined alluvial valleys 

Valley Type IV consists of the classic meandering, entrenched or 
deeply incised, and confined landforms directly observed as canyons 
and gorges with gentle elevation relief and valley-floor gradients often 
less than 2%. Valley Type IV is generally structurally controlled and 
incised in highly weathered materials. These stream types are also often 
associated with tectonically "uplifted" valleys. The "F" stream type is 
most often found in Valley Type IV, however, where the width of the 
valley floor accommodates both the channel and a floodplain, C 
channels are often observed. Depending on streamside materials, the 
sediment supply is generally moderate to high. 
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Valley Type V 
Moderately steep valley slopes, U-shaped glacial trough valleys 

Valley Type V is the product of a glacial scouring process where the 
resultant trough is now a wide, "u"-shaped valley, with valley-floor 
slopes generally less than 4 percent. Soils are derived from materials 
deposited as moraines or more recent alluvium from the holocene 
period to the present. Landforms locally include lateral and terminal 
moraines, alluvial terraces, and floodplains. Deep, coarse deposition of 
glacial till is common, as are glacio-fluvial deposits, with the finer size 
mixture of glacio-lacustrine deposition above structurally controlled 
reaches. The stream types most often seen in Valley Type V are "C," 
"D," and "G." 

Valley Type VI 
Moderately steep, fault-controlled valleys 

Valley Type VI, termed a fault-line valley, is structurally controlled and 
dominated by colluvial slope building processes. The valley-floor 
gradients are moderate, often less than 4 percent. Some alluvium occurs 
amidst the extensive colluvial deposits and stream patterns are 
controlled by the confined, laterally controlled valley. Sediment supply 
is low. Stream types are predominantly "B" types with fewer occasions 
of "C" and "F" types in the wider and flatter valley reaches. Under 
disequilibrium conditions, "G" stream types are observed. 

Valley Type VII 
Steep, highly dissected fluvial slopes 

Valley Type VII consists of a steep to moderately steep landform, with 
highly dissected fluvial slopes, high drainage density, and a very high 
sediment supply. Streams are characteristically deeply incised in either 
colluvium and alluvium or in residual soils. The residual soils are often 
derived from sedimentary rocks such as marine shales. Depositional 
soils associated with these highly dissected slopes can often be eolian 
deposits of sand and/or marine sediments. This valley type can be 
observed over a variety of locations, from the provinces of the Palouse 
Prairie of Idaho, the Great Basin or high deserts of Nevada and 
Wyoming, the Sand Hills of Nebraska, to the Badlands of the Dakotas. 
The majority of stream types found in Valley Type VII are the "A" and 
"G" types which are channels that have moderate to steep gradients, are 
entrenched (deeply incised), confined, and unstable due to the active 
lateral and vertical accretion processes. 

Valley Type VIII 
Wide, gentle valley slope with well-developed floodplain adjacent to 
river terraces 

Valley Type VIII is most readily identified by the presence of multiple 
river terraces positioned laterally along broad valleys with gentle, 
down-valley elevation relief. Alluvial terraces and floodplains are the 
predominant depositional landforms which produce a high sediment 
supply. Glacial terraces can also occur in these valleys, but stand much 
higher above the present river than the alluvial (Holocene) terraces. 
Soils are developed predominantly over alluvium originating from 
combined riverine and lacustrine depositional processes. Stream types 
"C" or "E," which have slightly entrenched, meandering channels that 
develop a riffle/pool bed-form, are normally seen in the Type VIII 
valley. However, "D," "F," and "G" stream types can also be found, 
depending on local stream and riparian conditions. 



 33

 

 

 

 

 

 

 

 

 

 

• the Level II classification, which provides more detailed morphological description of stream type 
from field measurements of channel form and bed composition. 

Valley Type IX 
Broad, moderate to gentle slopes, associated with glacial outwash 
and/or eolian sand dunes 

Valley Type IX is observed as glacial outwash plains and/or dunes, 
where soils are derived from glacial, alluvial, and/or eolian deposits. 
Due to the depositional nature of the developed landforms, sediment 
supply is high, and the commonly occurring "C" and "D" stream types 
are associated with high rates of lateral migration. 

Valley Type X 
Very broad and gentle slopes, associated with extensive floodplains 

Valley Type X is very wide, with very gentle elevation relief and is 
mostly constructed with alluvial materials originating from both 
riverine and lacustrine deposition processes. Soils are primarily 
alluvium, and while less common, may also be derived from eolian 
deposition. Landforms commonly observed as Valley Type X are 
coastal plains, broad lacustrine and/or alluvial flats, which may exhibit 
peat bogs and expansive wetlands. Stream types "C," "E," and "DA" are 
the most commonly observed, although in many instances, where 
streams have been "channelized," or the local base level has been 
changed, "G" and "F" stream types are found. 

Valley Type XI 
Deltas 
Valley type XI is a unique series of landforms consisting of large river 
deltas and tidal flats constructed of fine alluvial materials originating 
from riverine and estuarine depositional processes. The Type XI valleys 
or delta areas are often seen as freshwater and saltwater marshes, 
natural levees, and crevasse splays. There are four morphologically 
distinct delta areas, which produce different stream types or patterns 
and include:  

• the elongate, highly constructive delta (example shown 
here)  

• the lobate, highly constructive delta  

• the highly destructive, wave-dominated delta  

• the highly destructive, tide-dominated delta 
An additional delta landform is representative of extensive 
wetlands, peat, and cohesive sediments with multiple, stable 
channels typical of the "DA" (anastomosed) stream type.  
The corresponding stream types found in delta areas are primarily the 
distributary channels of stream type "DA," or the multiple channel 
systems of the "D" stream type, along with occasional "C" and "E" 
stream types. The "DA" stream type is more common to the tide-
dominated, stable deltas with numerous wetland islands, and the base 
level of the channel system controlled by either lake or sea levels. 
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Summary of the Level II Types and Delineative Criteria 

This figure illustrates the representative channel cross-section configurations, dominant particle size class of the 
stream bed materials, and channel form measurements for the full set of 41 Level II stream types. The nine Level I, 
or major stream types are refined by the addition of six categories of channel materials (bedrock through silt and 
clay); and by field measurement of entrenchment, sinuosity, width/depth ratio, and water surface slope. The naming 
of Level II stream types combines the Level I letter (A through G) with the number representing the dominant bed 
material (1 through 6), resulting in type names such as B3, C4, A2, and so on. Note that the blank areas in this chart 
are due to the fact that certain (usually large particle) bed material sizes are not naturally found in combination with 
certain (usually low-gradient) channel types.  

Part 3: 
Level II Stream Classification 

Whereas Level I stream types are distinguished primarily on the 
basis of the valley landforms and channel dimensions observable 
on aerial photos and maps, Level II stream types are determined 
with field measurements from specific channel reaches and fluvial 
features within the river's valley. The Level II classification 
process employs more finely resolved criteria in order to address 
questions of sediment supply, stream sensitivity to disturbance, 
potential for natural recovery, channel response to changes in flow 
regime, and fish habitat potential.  

Level II stream type delineation criteria are based on the following 
characteristics of channel cross-section, longitudinal profile, and 
planform features as measured and computed from collected field 
data. The flowchart shows how these selected criteria are used to 
conduct a Level II stream type classification.  

Cross-sectional measurements  

Entrenchment Ratio: A computed index value 
which is used to describe the degree of vertical 
containment of a river channel (width of the flood 
prone area at an elevation twice the maximum 
bankfull depth/bankfull width).  

Width/depth Ratio: An index value which 
indicates the shape of the channel cross-section 
(ratio of bankfull width/mean bankfull depth).  

Dominant Channel Materials: A selected particle 
size index value, the D50, representing the most 
prevalent of one of six channel material types or 
size categories, as determined from a channel 
material size distribution analysis.  

Longitudinal Profile measurements  

Slope: Slope of the water surface averaged for 
20-30 channel widths.  

Bed Features: Secondary delineative criteria 
describing channel configuration in terms of 
riffle/pools, rapids, step/pools, cascades and 
convergence/divergence features which are 
inferred from channel plan form and gradient.  

Plan-form (pattern) measurements  

Sinuosity: Defined as stream length/valley length 
or valley slope/channel slope).  

Meander Width Ratio: A secondary delineative 
criteria defined as meander belt width/bankfull 
width that describes the degree of lateral channel 
containment, and is primarily used in assisting 
aerial photo delineation of stream types. 
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Entrnch- 
ment. <1.4 1.4 - 2.2 <2.2 n/a <4.0 <2.2 >1.4 >1.4 
W/D 
Ratio <12 >12 >12 >40 <40 <12 >12 <12 
Sinuos 
-ity 1-1.2 >1.2 >1.2 n/a variable >1.5 >1.2 >1.2 
H20  
Slope .04-.099 .02-.039 <.02 <.04 <.005 <.02 <.02 .02-.039 

(http://www.epa.gov/watertrain/stream_class/18solo.htm) 
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