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Abstract 
 
Fixed-width riparian buffers designated under the Forest and Range Pactices Act are intended to 
maintain reference or near-reference levels of Large Woody Debris (LWD) inputs to streams so 
that channel structure and fish habitat is not impaired by timber harvesting. However, buffer 
widths are based on the assumption that stream channels do not migrate, thereby reducing buffer 
width and future LWD inputs.  The purpose of this two year project was to evaluate the 
effectiveness of fixed-width riparian buffers for protection of fish and wildlife values associated 
with streams and rivers.  Riparian forests play a critical role in maintaining instream fish habitat, 
through the provision of shade, carbon resources that are food for fish, and by providing a source 
of LWD from trees that fall into the stream channel through processes of natural forest mortality, 
streambank erosion, and windthrow (Bisson et al., 1987; Ward et al., 2002).  LWD is an essential 
component of channel structure in fish-bearing streams in British Columbia, creating habitat 
complexity and deep pools that are critical for rearing juvenile salmonids (Robison and Beschta, 
1990; Montgomery et al., 1995; Beechie and Sibley, 1997). It has been widely demonstrated that 
loss of riparian forest leads to the depletion of instream LWD, resulting in severe degradation of 
fish habitat and declines in fish abundance. The goal of this project was to determine the degree 
to which active bank erosion (as occurs in natural channels) necessitates wider riparian buffers to 
maintain reference levels of LWD input, and to determine the geomorphic context in terms of 
stream size and erosion rate where this is likely to be the case. 
 
A computer model was developed to carry out the evaluation of LWD recruitment for different 
stream sizes and in different geomorphic conditions.  Results from a number of simulations 
demonstrate that regulated buffer widths under the B.C. Forest and Range Practices Act are 
adequate only for streams that experience very low erosion, or for streams up to 30 m wide with 
average erosion rates.  The maximum 50 m wide buffer width for streams larger than 30m wide 
is generally inadequate for maintaining reference levels of LWD on larger streams.  In cases of 
high erosion rates, none of the designated buffers proved to be adequate for all stream sizes.    
 
Note: The photograph of Wilson Creek, BC, on the front cover of this report illustrates the 
recruitment of LWD due to bank erosion (courtesy of Kim Green). 
 

1 Introduction 
 
Riparian reserve zones in British Columbia have fixed widths beyond which timber harvesting 
can take place in a management zone.  It is assumed that fixed width buffers will adequately 
maintain the structure and function of riparian zones, thereby protecting habitat in adjacent 
streams (Murphy 1995).  Buffer widths in British Columbia and other jurisdictions are largely 
based on the maximum distance from the stream bank that most riparian trees will recruit to the 
stream channel (Murphy and Koski 1989).  It is assumed that buffers that are a fixed proportion 
of the maximum tree height will ensure the necessary diameter, length, and abundance 
distribution of instream LWD required to maintain channel structure and fish habitat. This 
implicitly assumes that stream banks are static, and that the width of the preserved buffer will 
remain constant over time. However, this is rarely the case for even small stream channels on 
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unconfined valley bottoms, which can migrate across valleys at significant rates.  An erosion rate 
of 10-20 cm a year is not uncommon, and would result in complete elimination of a 20 m buffer 
in 100-200 years.  However, even lower rates of erosion could lead to significant narrowing of 
the portion of the buffer with intact forest available to deliver LWD to the stream channel, 
resulting in a significant reduction in future LWD input from the designated 20 m buffer zone, 
since much of the reserve zone would now include the harvested management zone. Clearly 
reserve zone designations that do not take into account the effects of bank erosion on buffer 
width and subsequent implications for future LWD recruitment are overly simplistic.  The degree 
to which bank erosion reduces the width of fixed buffers and thereby impacts future LWD inputs 
is currently unknown and was one of the main subjects of this study. 

 
Natural erosion and migration of stream channels has not been taken into account in designation 
of riparian reserve widths in British Columbia.  This represents a significant shortcoming in the 
scientific basis of riparian protection in British Columbia, as well as other jurisdictions. The goal 
of this project was to model the migration rates of stream channels in different geomorphic 
contexts to estimate the long-term adequacy of fixed-width buffers in maintaining natural LWD 
loadings to streams. This study is in direct support of provincial science-based effectiveness 
assessments of stream riparian management, and will lead to more effective forest and stream 
stewardship in British Columbia and adjacent jurisdictions. 
 
Because processes of channel migration and LWD recruitment and decay operate over slow time 
steps, the only practical way to effectively assess the potential impact of ignoring channel 
migration on long-term LWD recruitment was to model the processes involved.  To our 
knowledge, no one has modelled the implications of these dynamics for buffer width 
effectiveness, despite the fact that it is obviously an issue of significant management concern in 
British Columbia, the Pacific Northwest United States, and elsewhere.  In the Pacific Northwest 
US, there is growing recognition that buffer widths based on stable channels may be inadequate 
to maintain reference levels of LWD recruitment (Rapp and Abbe 2003, State of Washington 
2003), and there channel migration zones are related to the floodplain as opposed to fixed 
buffers.   
 
The aim of this project was to model the migration rates of stream channels in different 
geomorphic contexts to estimate the long-term adequacy of present fixed-width buffers in 
maintaining natural LWD loadings to streams.  Results of the study should have broad 
applications in British Columbia and adjacent jurisdictions.  Key management issues to be 
assessed are:  
 

i)  whether the long-term reduction in LWD inputs from bank erosion of fixed buffers can 
be significant, and 

ii)  if so, under what geomorphic contexts is the LWD input reduction significant (i.e. range 
of channel widths, gradients, and bank erosion rates). 

 
A comprehensive literature review on erosion dynamics, functions of LWD in stream channels, 
and on existing models of LWD recruitment rates was completed in the first year of this study.  
The work on the computer model that would incorporate stream bank erosion had started, and 
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some initial results indicated that a useful and interesting investigation was to follow.  This work 
was summarized in two reports (Martin, 2005; Rosenfeld, 2005). 
 
In the second year, our work continued on refining the  model and its parameters.  A professional 
programmer (David Carr, ESSA) was hired to tackle the increasingly challenging programming 
issues, particularly the channel migration dynamics and the associated LWD inputs from bank 
erosion.  LWD inputs from windthrow were not incoprportated into the model as they are largely 
unaffected by erosion rates and channel migration.  We also assumed that LWD imports and 
exports to a reach were in steady state (i.e. imports from upstream = exports to downstream).  A 
number of modelling scenarios were designed to test the model behaviour and calculate the 
LWD recruitment due to streambank erosion in different geomorphic conditions.  The model 
itself, the scenarios and the results for the performed runs are discussed in detail in the sections 
below. 

 4



2 Channel Migration – LWD Input Model Description 
 
A computer model was developed in order to estimate the effects of varying riparian buffer zone 
widths on migrating stream channels.  The goal was to determine if current regulations related to 
fixed buffer widths are sufficient to provide the historic level of LWD when channel migration is 
taken into account.  The historic level refers to the average amount of LWD in a stream at a time 
period before any logging occurred. 
 
Based on the model’s purpose, we named it Channel Migration – LWD Input Model, but will  
refer to it in further text as LWD model for short.  The LWD model is a deterministic population 
model, with cohorts based upon the diameter at breast height (DBH).  The inputs to the LWD 
model are the outputs from TIPSY (see section below), as well as the erosion parameters.  A 
database stores both model and output, and the output can also be generated in an Excel file (Fig. 
1).  The output contains the sources of LWD over the time period analysed. 
 

 
Figure 1:  LWD model overview with related components 
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2.1 TIPSY 
 
TIPSY is the acronym for the BC Ministry of Forests model known as the Table Interpolation 
Program for Stand Yields.  TIPSY can be downloaded as freeware from the following web site: 
http://www.for.gov.bc.ca/hre/gymodels/tipsy/index.htm 
 
This program estimates tree growth rates and stand yields through time under specified 
circumstances.  Parameters that can be specified in TIPSY include tree species, forest region, 
forest district, BEC (biogeoclimatic) zone, tree organization (natural arrangement, vs. planted) 
and tree density.  Depending on the tree species, and forest region, default values are 
recommended for the other parameters, but can be changed if it is so desired.  TIPSY outputs 
many different calculations regarding tree stands, but only three of these tables are used as inputs 
to the LWD model: the stand, the coarse woody debris (CWD), and the snag generation tables.  
These three tables constitute the volume of debris that is available to enter the stream at any 
given time step.  All tables are divided into classes based on DBH (diameter at breast height).  
Further information on TIPSY can be found in Martin (2005), or in TIPSY’s help files. 
 

2.2 Erosion Analysis 
 
The second part of the LWD model involves estimating the erosion rate based on the stream 
width and the watershed drainage area, as outlined in Martin (2005).  Erosion data were 
compiled from a number of studies (Hooke, 1980; Hickin and Nanson, 1984; Hickin 1988; 
Lawler, 1993; Martin and Benda, 2001; Benda et al., 2002; O’Connor et al, 2003; Micheli et al, 
2004; and Zaimes et al., 2004).  For a given stream width, the drainage area, the average erosion 
rate, and the ± 95% erosion tolerance intervals are determined from relationships developed by 
Martin (2005) in the first year of this project.  The variation of erosion rates for a given stream 
width simulates channels in different geomorphic contexts.  For example, the upper bound 
erosion rate (+ 95% tolerance interval) would model an actively meandering alluvial stream on a 
floodplain, while a lower bound erosion rate (- 95% tolerance interval) would model streams 
flowing through colluvial deposits, or cohesive soils that experience minimal lateral channel 
movement. 
 

2.3 LWD Model 
 
The third part of the LWD model is the computer program specifically developed for this project.  
It was created using Microsoft Visual Studio 2003 for Enterprise Architects (v7.1.3088), and is 
written in C#.  The model uses an Access 2003 database for storing its scenarios as well as 
holding model run output.  A run can also be outputted to an Excel file for easy analysis. 
 
The LWD model employs a scenario-based design, where each scenario represents the set of 
parameters that are adjustable within the LWD model.  These include: stream width, stream 
migration rate, riparian buffer width, forest age outside the buffer, forest age in the buffer, tree 
fall angle (in the stream), initial LWD volume in the stream, and decay rates for different sizes of 
LWD.  Figure 2 illustrates the LWD model input screen. 
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Figure 2:  Input screen for the LWD model 

 
The following describes the steps involved to create a new scenario, run it, and examine the 
results.  A scenario can also be created by copying an existing one, simply by pressing the Copy 
button and renaming. 
 

2.3.1 Minimum Requirements 
 
It needs to be ensured that the computer has the following installed before proceeding: 

1. Microsoft .NET Framework 1.1, service pack 1 (version 1.1.4322) 
http://msdn.microsoft.com/netframework/downloads/updates/version1/default.aspx
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2.3.2 Model installation and setup 
 
The LWD model is deployed using a Microsoft Windows Installer package, LWD.msi.  By 
default it will be installed under: 
 C:\Program Files\LWD 
 
The following files will be installed at this location. 
 

Table 1. LWD model installation files 
Filename Description Version 
LWD.exe Main program developed in C# 1.0.12.0 
LWD.Template.mdb Read-only MS Access 2003 database.  This 

database contains the LWD structure, but no 
scenarios nor output.  When LWD.exe starts, it 
detects whether LWD.mdb exists.  If it doesn’t it 
makes a copy of LWD.Template.mdb with the 
name LWD.mdb.  The latter is then populated with 
scenarios and output by the user. 

n/a 

LWD.xlt MS Excel template, copied each time to export 
output 

n/a 

Interop.Excel.dll MS Excel interop 1.5.0.0 
Microsoft.Vbe.Interop.dll MS Primary Interop Assembly for Office 11.0.5530.0
Office.dll MS dll 11.0.5530.0
StdOle.dll MS dll 7.0.9466.0 
 
While it is not a requirement to have Access 2003 nor Excel 2003 installed in order to run LWD, 
it is more useful to have these programs available.  Without Excel 2003, it will not be possible to 
export the results to an Excel file. 
 
Upon successful installation of the program, a shortcut with the name ‘LWD’ is installed on the 
desktop.  Nothing is added to the program start menu. 
 

2.3.3 Step 1: TIPSY Output = LWD Input 
 
The first step is to open the 3 TIPSY output files, Stand, Snags, and the CWD files, respectively.  
Pressing the appropriate button and selecting a valid file will cause this file to be loaded into 
memory.  
 
Text file outputs from TIPSY are used as input for this model, along with other specified 
parameters including the erosion rates.  The model performs simulations for the same time step 
as the input TIPSY files and for the purposes of these simulations, the time step was always set 
at 10 years.  The 10-year time step was considered to be an adequate time step for simulating 
LWD inputs, however, shorter steps of 1 and 5 years were also tested and generated nearly 
identical results.  
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The following is an example of a TIPSY output file for CWD (Fig. 3), which is used here to 
illustrate the TIPSY input file manipulations undertaken in our LWD model. 
 
 
AGENCY  : MOF Research Branch                TIPSY Version 3.2b 
PROJECT : LWDcedar                           SINDEX Version 1.41 
 
STAND 
  GEOGRAPHY: Vancouver/Squamish/CWH/10% Slope 
  ESTABLISHMENT: Regen delay = 0; Target Density = 1600 trees/ha (Natural) 
SPECIES 
 
100% COASTAL WESTERN REDCEDAR (V/H curve = Cw); Site Index = 25.00 
  Site curve: *Kurucz (1985ac) 
 
  Top Ht @ bh age 50 (m) = 25.00 (base) 
 
--------------------------------------------------------------------------------------- 
               COARSE WOODY DEBRIS TABLE 
 
        Top|   Cumulative Volume (m3/ha) of CWD (less decay) by DBH Class (cm)      
 Age   Ht |--------------------------------------------------------------------------- 
 (yr)  (m)|   All  |        5       15       25       35       45       55       65+   
--------------------------------------------------------------------------------------- 
  0.0 ,  0.0 ,   0.000  ,   0.000 ,   0.000 ,   0.000 ,   0.000 ,   0.000 ,   0.000 ,   0.000 , 
 10.0 ,  1.4 ,   0.000  ,   0.000 ,   0.000 ,   0.000 ,   0.000 ,   0.000 ,   0.000 ,   0.000 , 
 20.0 ,  7.3 ,   0.014  ,   0.014 ,   0.000 ,   0.000 ,   0.000 ,   0.000 ,   0.000 ,   0.000 , 
 30.0 , 12.8 ,   0.098  ,   0.067 ,   0.031 ,   0.000 ,   0.000 ,   0.000 ,   0.000 ,   0.000 , 
 
… <Data for age [40, 260] removed for brevity> … 
 
270.0 , 53.1 ,  72.679  ,   0.519 ,  10.477 ,  36.433 ,  21.214 ,   4.036 ,   0.000 ,   0.000 , 
280.0 , 53.7 ,  74.296  ,   0.467 ,   9.643 ,  35.903 ,  23.421 ,   4.862 ,   0.000 ,   0.000 , 
290.0 , 54.2 ,  74.152  ,   0.422 ,   8.910 ,  34.848 ,  24.477 ,   5.491 ,   0.004 ,   0.000 , 
300.0 , 54.8 ,  71.703  ,   0.386 ,   8.293 ,  33.085 ,  24.048 ,   5.877 ,   0.014 ,   0.000 , 
--------------------------------------------------------------------------------------- 
 

Figure 3: TIPSY output file for CWD 
 

The top half represents the TIPSY header.  This is stripped off by the LWD model, down to the 
rows of data.  The row beginning with (yr) contains the DBH classes.  These are read into the 
model and used for output. 
 
Next, we have the rows of data for each timestep (in the Age column), up to the maximum age 
that would typically represent old growth for the given species.  The second column contains the 
maximum height of the tree at the given age.  The following columns contain the CWD density 
per hectare (m3/ha), while for the snag and stand files, they contain the number of trees per 
hectare. 
 

2.3.4 Step 2: Define Parameters 
 
The next step is to define the parameters for a scenario.  Default values are given for most 
parameters, and for these simulations the default values for decay constants, tree fall angle and 
tree mortality rates were used.  The functional parameters of the LWD model are summarized in 
Table 2. 
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Table 2. LWD Model Parameters 

Parameter Unit Default Range 
Time step year N/A same as TIPSY 
Initial stream migration rate m/yr 0.05 0-100 
Initial run duration to establish LWD in 
stream year 500 0-1000 
Specified Initial LWD m3/m 0 0-100 
Channel Width  m 10 1-1000 
Buffer Width m 20 0-100 
Buffer Age  yr 300 0-300 
Forest Age (beyond the buffer) yr 0 0-300 
Depletion for [0, 10]cm DBH yr^-1 0.0237 0-500 
Depletion for [10,30]cm DBH yr^-1 0.0237 0-500 
Depletion for [30, 60]cm DBH yr^-1 0.0177 0-500 
Depletion for [60, 90]cm DBH yr^-1 0.0145 0-500 
Depletion for >90 cm yr^-1 0.011 0-500 
Run Duration yr 300 0-500 
Erosion rate m/yr 0.05 0-100 
Deposition rate m/yr 0.05 0-100 
Deposition Lag yr 0 0-300 
Tree fall angle (0° is perpendicular to the 
stream) degrees 0 0-180 
Mortality % 1 0-100 

 
The initial amount of LWD in the stream (before logging) can be estimated in two different 
ways.  The first involves specifying the desired volume of LWD to be present in the stream 
channel at the beginning of the model run.  The other option is to perform an initial model run to 
calculate the LWD amount for a reference riparian condition where the volume has reached 
equilibrium without any logging.  For simulations in this study, the second option was used, with 
a run duration of 500 years of tree growth and channel migration.  This was found to be a more 
than sufficient amount of time for the input and decay to reach equilibrium. 
 
For the simulations presented in this report, LWD input to the stream was comprised entirely of 
inputs through bank erosion.  LWD inputs from windthrow were not incorporated into the model. 
LWD inputs from erosion increase linearly with bank erosion rates.  At high bank erosion rates 
LWD inputs from bank erosion greatly exceed LWD inputs from windthrow, which occurs at a 
constant low background rate independent of erosion rates.  Since a stream channel will only 
migrate through a riparian buffer at fairly high erosion rates, windthrow LWD can be ignored as 
it contributes minimally to total LWD input.  However, LWD abundance at low erosion rates 
will be underestimated in our simulations because windthrow inputs are not included.  This 
should not materially affect our conclusions, however, since at low erosion rates riparian reserve 
zones will be effective at maintaining riparian LWD.  It is at the high end of the erosion rate 
spectrum, when windthrow LWD contributes minimally to total inputs, that present fixed-width 
buffers may be inadequate.   

 10



2.3.5 Step 3: Run model 
 
Once the TIPSY files have been properly loaded, the Run button will be enabled and pressing it 
will run the model.  Once a run has completed, the Export button will be enabled to allow the 
user to export the data to an Excel file. 

2.3.5.1 Model Sequence 
The main model code steps through the following sequence of operations.  All values are 
calculated in stages and handled as a vector of LWD values, where the vector has an element for 
each DBH class. 
 
1. Upon opening each of the TIPSY output files 

- Read the TIPSY txt file, screening the file for relevant DBH classes, age arrays, and 
height arrays 
- Convert TIPSY snag/stand data from trees/ha to m3/ m2, for each DBH class and at each 
age 

- If CWD, simply divide by 1000 to obtain a m3/ m2, otherwise 
- Convert the maximum tree height to the tree height for the given DBH class 
using the Chapman Richards Huato equation (EQ 1) 
- Using this (DBH, age) relevant tree height, calculate the volume of the cone 
(EQ 2) 

 
2. Set initial LWD in channel 

a) If LWD is calculated by running the model to attempt to reach equilibrium, then the model is 
run with initial LWD set to 0.  The final vector is then assigned to the initial vector before 
proceeding to step 3.  
 
b) Otherwise, if LWD is explicitly specified (m3/m of channel reach), the initial vector is set by 
proportioning the specified LWD across the historical LWD at the given Buffer Age. 
 
3. For each timestep, nTimeStep, calculate the initial LWD contribution into the channel 

- Calculate the erosion into the buffer and forest once the buffer has eroded 
- Note that exact calculations are performed, so within a timestep erosion can erode away 
the buffer and into the forest. 
- For each of CWD, Snag, and Stand: 

For each DBH class 
- If Snag/Stand, scale the LWD contribution based upon the height and 
tree fall angle (EQ 3) 
- Add this initial LWD contribution to an array  

 
- For each time 0 to (nTimeStep – 1) [as arrays are 0-based] 
 For each DBH class 

- Decay the LWD based upon the Murhpy Koski calculation (EQ 4)  
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4. For each of CWD, Snag, and Stand, sum the decayed LWD contribution at each timestep 

- The model actually retains a complete dataset, holding the vector for each timestep.  For 
example, if there is a vector of the initial LWD contributions for CWD at time 0, then this vector 
is decayed at time 10, 20, etc. until the end of the model run.  There is also the vector of the 
initial LWD contribution for CWD at time 10 (due to erosion in the next timestep), and another 
vector for this decayed after 10 years (i.e. at time 20), etc. 
- This complex data structure was required because the exponential decay function requires the 
original LWD amount.  It also allows for maximum flexibility should the output requirements 
change. 
- Although this step is performed when the user presses ‘Export’, it is fundamentally part of the 
math in the model. 

2.3.5.2 Equations 
 
There are four key equations to the LWD model: 
 
EQ 1. Chapman Richards Huato tree height  
ref. CModel::TreeHeightChapmanRichardsHuato() 
 
This calculation determines the tree height H for a given DBH class’ diameter D, based upon the 
DBH class and the maximum height at the maximum age, Hmax.  Looking back at the TIPSY 
output file example, D is the column heading in cm, and Hmax is the last value in the second 
column (i.e. old growth maximum height). 

[ ] 0177.1)*0223.0(
max 1* DeHH −−=      (1-1) 

 
EQ 2. Volume as cone calculation 
ref. CModel::TIPSYToLWD() 
 
The volume of a tree, V, in m3, is calculated using a cone volume calculation, providing the tree 
is taller than the fixed constant mk_dMinHeightVolumeAsCone, currently set to 2.0 m.  For a 
DBH of D in m, and a height H in m, we have: 

 12
*

3.1
**

2
H

H
HDV ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−

=π         (2-1) 

where D is scaled from the diameter at breast height – taken as 1.3m – to the diameter at the base 
of the tree. 
 
For trees shorter than 2.0 m, the volume is determined simply by treating the tree as a cylinder. 

 4
** 2 HDV π=         (2-2) 
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EQ 3. Volume scaled by height and tree fall angle 
ref. CModel::VolumeScaledByHeightAngleV2() 
 
Once the volume V is determined above, this value must be scaled to account for trees which 
span the channel width, where the top is effectively chopped off and remains on the other side of 
the bank.  In addition, the tree fall angle, θ, is a user-specified parameter which may be taken 
into consideration.  The first step is to calculate the total tree height Hcos projected onto the width 
of the channel:. 
 

 )cos(*0cos θHH =         (3-1) 
 
If Hcos is shorter than the channel width, 100% of the volume enters the channel.  The remaining 
calculations must consider the erosion rate R in m/yr, and the deposition rate D in m/yr on the 
other side of the channel, as a function of the delta time T. 
 
The next trivial case is if R = D, with w0 being the channel width at the start of the time interval.  
In this case, the tree if effectively topped and we have: 

 

3

cos

0cos1**% ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−=

H
wHTRV       (3-2) 

 
Now the remaining cases must consider; 

i) whether the initial channel width w0 is wider than Hcos, but during period T due to R < 
D, ends up topping the tree, 

ii) whether the initial channel width w0 is narrower than Hcos, but during period T due to 
R > D, widens to > Hcos, or 

iii) throughout the period T, some proportion of Hcos spans the channel. 
 
The first two cases above are easily determined by looking at the difference between R and D for 
period T.  Once the time interval is determined, a general integral has been derived to solve for 
%V: 
 

 ( )
)(4
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)(1*%

3

4
0

3
0
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   (3-3) 
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EQ 4. Decay 
ref. CModel::DecayMurhpyKoski() 
 
The amount of LWD left in the channel at time T (in yr) due to decay is a simple exponential 
decay function using the initial volume, V0, for a given depletion constant K (in yr-1).  The 
depletion constant is set by the user for 5 different ranges {[0, 10], (10, 30], (30, 60], (60, 90], > 
90}. 

)*(
0 * TKeVV −=         (4-1) 

 

2.3.6 Output 
  
The output from the LWD model is in the form of a Microsoft Excel Spreadsheet.  There are 6 
worksheets in the XLS file. 
 

1. Summary – Gives the filename, time and version stamping information (useful for 
debugging), and the scenario parameters. 

2. Channel – Time series for the channel and buffer width, the erosion into the forest (that 
lies beyond the buffer), and the deposition of the other bank. 

3. Total – An aggregation of the LWD from the individual CWD, Snag, and Stand 
worksheets.  See below. 

4. CWD – LWD contributions, in m3/m of reach, from CWD. 
5. Snag – LWD contributions, in m3/m of reach, from snags. 
6. Stand - LWD contributions, in m3/m of reach, from the stand. 
 

The formula for computing the sum on the Total page was described in Appendix A, 
manipulation 3, of Y051114 (Rosenfeld, 2005).  Described again here for completeness, we 
have: 
 DBH5 = CWD5 + Snag5 + Stand5 + (0.5 * Stand10) 
 DBH15 = CWD15 + Snag15 + (0.5 * Stand10) + Stand15 + (0.5 * Stand20) 
 DBH25 = CWD25 + Snag25 + (0.5 * Stand20) + Stand25 + (0.5 * Stand30) 
 DBH35 = CWD35 + Snag35 + (0.5 * Stand30) + Stand35 + (0.5 * Stand40) 
 DBH45 = CWD45 + Snag45 + (0.5 * Stand40) + Stand45 + (0.5 * Stand50) 
 DBH55 = CWD55 + Snag55 + (0.5 * Stand50) + Stand55 + (0.5 * Stand60) 
 DBH65 = CWD65 + Snag65 + (0.5 * Stand60) + Stand65 + (0.5 * Stand65) 
 DBH75 = (0.5 * Stand70) + Stand75 + (0.5 * Stand80) 
 DBH85 = (0.5 * Stand80) + Stand85
 DBH95 = Stand90
 
The calculations are built directly into the Total worksheet in the Excel file, assuming that the 
DBH classes are fixed with the following sets: 
 

CWD: {5, 15, 25, 35, 45, 55, 65} 
Snag: {5, 15, 25, 35, 45, 55, 65} 
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Stand: {0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90} 
 
Note that the Stand0 class is ignored in the sum.  It was shown that these contributed marginal 
amounts to the total LWD.  Although the number of trees in the TIPSY output for snag and stand 
might be quite large, their volume is not and their decay is fast. 
 
Using calculations imbedded in the Excel file, this has the advantage that should a different set 
of DBH classes be outputted from TIPSY, the LWD.xlt template can simply be modified to 
support any other summation. 
 

2.3.7 Database Design 
  
The database design for the LWD model is shown in Table 3 and Figure 4. 
 

Table 3. Database structure in the LWD Model 
 
Table Description 
Scenario Represents the set of user-defined parameters as found on the user interface. 
LWDType Read-only table holding the indexes for {CWD – 1, Snag – 2, Stand – 3} 
AgeClass Holds the first 2 columns of a TIPSY output file.  The LWD model assumes 

that all 3 TIPSY output files will have the same values in the first two 
columns.  Undefined behaviour may occur if this is not the case. 

DBHClass For each of the TIPSY files, holds the DBH information.  The DBH field in 
cm is read from the file, however the Midpoint value in m is used in the 
calculations.  Typically these values are equivalent.  An example where this 
is not the case, is for a stand file where the first DBH class is 0cm, and the 
second in 5cm.  In this case, the Midpoint is set to 0.025m and 0.05m 
respectively.  

DBHData For each of the TIPSY files, a single value in m3/m2. 
LWDOutput Output values for each timestep, that are not dependent upon LWDType. 
LWDOutputSeries For each of the TIPSY files, the cumulative LWD in m3/m of stream reach 

for the given DBH at a particular timestep. 
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Figure 4: LWD Database Design 
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2.3.8 Class Diagrams 
 
The following diagrams (Figures 5 through 7) represent the principal classes in the LWD model, 
along with the important member data and methods.  Note that not all variables and methods 
have been shown for clarity. 

2.3.8.1 Top Level 

 
 

Figure 5:  LWD Class Diagram - Top level classes 
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2.3.8.2 Scenario and TIPSY-related classes 

 
 

Figure 6:  LWD Class Diagram - Scenario and TIPSY-related classes 
 

2.3.8.3 Model and Output classes 

 
 

Figure 7:  LWD Class Diagram - Model and Output classes 
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3 Selection of Modelling Scenarios 
 
In order to systematically test the LWD model, a modelling scheme was designed in order to 
efficiently evaluate many different stream configurations while still being able to compare 
between them.  As a starting point, streams of 4, 10, 20, 30, and 50 meters wide were modelled.  
These widths were chosen because they covered a realistic range and included all BC riparian 
classes that required a buffer zone for fish bearing streams (i.e. 1-5 m (S3), 5-20 m (S2), and >20 
m (S1)).   
 
The next step was to choose realistic migration rates that rivers of these widths might experience 
based on analysis of published erosion rates.  Martin (2005) developed relationships between 
stream width and drainage area, as well as drainage area and erosion rate during the first year of 
this project.  Using a power regression, the first relationship was calculated to be 

45.076.2 DAW = , where DA = drainage area in km2 and W = stream width in m (Figure 8).   
 
The second relationship between drainage area and erosion rate (E in m/yr) was also found to be 
a power function 4002.00475.0 DAE =  (Figure 9).  This relationship was used to determine 
average erosion rates for each drainage area based on a given stream width.  Figure 9 also shows 
the upper and lower 95% and 68% (equivalent to one standard deviation) tolerance limits 
indicating the range in which 95% or 68 % of all rivers should fall, respectively.  The 95% 
tolerance limits represented a more complete envelope for the data, thus, these values were used 
in our simulations.  Furthermore, for the upper and lower erosion values we chose the tolerance 
intervals rather than confidence intervals, because confidence intervals only apply to population 
parameters, and not to the prediction of individual measurements. Thus, confidence intervals are 
only useful in estimating what the population parameter, such as the mean, should be; but it does 
not tell us anything about the range where any of the individual values in the population should 
fall within. Tolerance intervals are more applicable in situations when we need to know what 
individual values should be, as when one needs to estimate an erosion rate for a particular 
stream. 
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Figure 9: Regression, upper, and lower 95% and 68% tolerance intervals for Martin (2005) data. 
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The simulations were run using the average, and upper and lower 95% tolerance erosion rates for 
each stream.  Each of these erosion rates was modelled for riparian reserve zone width specified 
under the British Columbia Forest and Range Practices Act for a given stream size, as well as for 
1.5 and 2 times the prescribed buffer width (i.e.150 and 200% of the regulated buffer).  Two 
final buffer scenarios were included for each stream width.  These were scenarios of no riparian 
buffer (i.e. clear-cut) and a scenario of unlimited buffer (i.e. no forest removal, or old-growth).  
Using the 5 stream widths with 3 erosion rates and 5 different buffer widths each resulted in 75 
model scenarios for the initial round of simulations.  For these 75 scenarios, all other parameters 
were kept constant. This included using the same TIPSY input files for each scenario, simulating 
natural growth of Western Red Cedar with a starting density of 1600 trees per hectare in the 
CWH BEC zone.  The results from these initial 75 scenarios are discussed in detail in the Results 
section.  The basic parameter combinations for these simulations are shown in Table 4 below. 
 



Table 4.  Modelling parameters for the 75 Initial Simulations 
File Name Stream Width Drainage area Erosion +95% -95% Std Buffer 150% 200% unlimited no buffer 

  m km2 m/yr m/yr m/yr m m m m m 
1 4 2.27 0.066     20         
2 4 2.27 0.066       30       
3 4 2.27 0.066         40     
4 4 2.27 0.066           unlimited   
5 4 2.27 0.066             0 
6 4 2.27   0.508   20         
7 4 2.27   0.508     30       
8 4 2.27   0.508       40     
9 4 2.27   0.508         unlimited   
10 4 2.27   0.508           0 
11 4 2.27     0.009 20         
12 4 2.27     0.009   30       
13 4 2.27     0.009     40     
14 4 2.27     0.009       unlimited   
15 4 2.27     0.009         0 
16 10 17.17 0.148     30         
17 10 17.17 0.148       45       
18 10 17.17 0.148         60     
19 10 17.17 0.148           unlimited   
20 10 17.17 0.148             0 
21 10 17.17   1.140   30         
22 10 17.17   1.140     45       
23 10 17.17   1.140       60     
24 10 17.17   1.140         unlimited   
25 10 17.17   1.140           0 
26 10 17.17     0.019 30         
27 10 17.17     0.019   45       
28 10 17.17     0.019     60     
29 10 17.17     0.019       unlimited   
30 10 17.17     0.019         0 
31 20 79.27 0.273     30         
32 20 79.27 0.273       45       
33 20 79.27 0.273         60     
34 20 79.27 0.273           unlimited   
35 20 79.27 0.273             0 
36 20 79.27   2.103   30         
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File Name Stream Width Drainage area Erosion +95% -95% Std Buffer 150% 200% unlimited none 
37 20 79.27   2.103     45       
38 20 79.27   2.103       60     
39 20 79.27   2.103         unlimited   
40 20 79.27   2.103           0 
41 20 79.27     0.036 30         
42 20 79.27     0.036   45       
43 20 79.27     0.036     60     
44 20 79.27     0.036       unlimited   
45 20 79.27     0.036         0 
46 30 193.93 0.391     50         
47 30 193.93 0.391       75       
48 30 193.93 0.391         100     
49 30 193.93 0.391           unlimited   
50 30 193.93 0.391             0 
51 30 193.93   3.008   50         
52 30 193.93   3.008     75       
53 30 193.93   3.008       100     
54 30 193.93   3.008         unlimited   
55 30 193.93   3.008           0 
56 30 193.93     0.051 50         
57 30 193.93     0.051   75       
58 30 193.93     0.051     100     
59 30 193.93     0.051       unlimited   
60 30 193.93     0.051         0 
61 50 598.64 0.614     50         
62 50 598.64 0.614       75       
63 50 598.64 0.614         100     
64 50 598.64 0.614           unlimited   
65 50 598.64 0.614             0 
66 50 598.64   4.723   50         
67 50 598.64   4.723     75       
68 50 598.64   4.723       100     
69 50 598.64   4.723         unlimited   
70 50 598.64   4.723           0 
71 50 598.64     0.080 50         
72 50 598.64     0.080   75       
73 50 598.64     0.080     100     
74 50 598.64     0.080       unlimited   
75 50 598.64     0.080         0 

 



4 Sensitivity Analysis 
 

Before discussing and comparing the results of the initial 75 scenarios in detail, several 
considerations need to be addressed.  In particular, the sensitivity of LWD dynamics and model 
output to different tree species, initial forest density, and different decay rates.  Additional model 
runs were necessary to examine how much influence these initial parameters would have on the 
final results. 
 

4.1  Tree species 
The amount of LWD in the stream will primarily depend on the number and size of trees near the 
stream and on the erosion rate, which is the primary LWD input mechanism in this model.  The 
number of trees in the riparian zone depend on the component of the model controlled by TIPSY, 
and the test performed here considers the effect of different tree species on LWD inputs. 
 
While naturally growing Western Red Cedar was used for the main modelling scenarios, Coastal 
Western Hemlock and Coastal Douglas Fir are the other common trees found throughout the 
forests of southwest British Columbia, so that these species were chosen for comparision.  All 
parameters aside from tree type for this comparison were identical to those of simulation 1 
(simulation 1 is shown as the series “Natural Cedar” in Figure 10).   The series “Planted Cedar” 
is another simulation identical to #1, with the only difference being that growth tables were used 
for artificially planted cedar instead of natural re-growth in TIPSY.  Tree density was left the 
same, so the main difference between the two was  the  uniform spacing between trees in the 
Planted Cedar simulation, whereas the Natural Cedar simulation had irregular spacing.  As 
shown in Figure 10, there was little difference in final LWD volumes between the Natural and 
Planted simulation. 
 
Figure 10 also illustrates a simulation of the growth of Red Alder.  This was done to test the 
LWD inputs of a faster growing, shorter-lived deciduous tree species (approximately 80-yr life 
span).  As seen in Figure 10, Red Alder contributed a much smaller LWD volume than the other 
modeled coniferous species.  Because deciduous trees are early successional species that are 
eventually replaced by the larger conifers used in our other simulations, it was not realistic to 
simulate LWD inputs from an Alder stand over the course of 300 years, so only conifers were 
used to simulate LWD inputs. 
 
The above reproduction of simulation 1 demonstrated equilibrium values for each species.  
However, in simulation 1 the erosion rate was not large enough to migrate the stream outside of 
the riparian buffer within the 300 year limit, so it was necessary to test the different tree species 
under a condition where the re-growth of forests outside of the buffer strip would be a factor.  To 
accomplish this, simulation 31 (see Table 4) was redone with input TIPSY files for different tree 
species in the same manner as shown in Figure 11. 
 
Note: Notation in figure caption is as follows: W – stream width; BW – buffer width; E – 
erosion rate. 
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Figure 10: Comparison of different tree species, and planted vs. naturally growing forests; no 

considerable erosion (Simulation 1: W = 4 m, BW = 20 m, E = 0.066 m/yr). 
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Figure 11: Comparison of different tree species, and planted vs. naturally growing forests;  

erosion is considerable (Simulation 31: W = 20 m, BW = 30 m, E = 0.273 m/yr). 
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As illustrated in Figures 10 and 11, equilibrium volumes of LWD in stream channels differed 
minimally between various conifer species.  Figure 11 also shows that once the stream had 
migrated outside the riparian buffer, the decrease in volume was similar for all tree species, as 
well as for artificially planted Western Red Cedar.  These minimal differences in equilibrium 
LWD volumes are not surprising since different species have different sizes and growth rates, 
even when growing in the same place.  Because it was advantageous to decrease the number of 
variables for the main portion of the simulations in order to compare the results in a meaningful 
way, modelled the dynamics of a single-species stand (Western Red Cedar) to standardize the 
simulations. The results shown in Figure 11 give some indication that even if the actual volumes 
and species composition in a mixed forest are slightly different, different species would respond 
similarly. 
 
Furthermore, the simulations produced the most LWD volume for Western Red Cedar (WRC), 
followed by Coastal Western Hemlock (CWH), and then Coastal Douglas Fir (CDF).  All three 
tree species started from the same initial density of 1600 trees per hectare.  Our further analysis 
showed that WRC had a better survival rate than the other two species, which is the most likely 
cause of larger LWD volumes in the stream.  The second best survival rate was that of CWH and 
the smallest was for CDF.  All three species grow to a similar height, and have a similar volume 
per tree, so the discrepancy in LWD volume must be in a larger number of live standing trees.   
Table 5 shows the maximum tree heights and the number of standing trees for the three tree 
species at ages 100, 200, and 300 (compiled from the TIPSY output for standing trees). 
 

Table 5. Maximum tree heights and number of live trees for different species 

 Western Red Cedar Coastal Western 
Hemlock 

Coastal Douglas Fir 

Height at 100 yrs [m] 35.7 39.9 40.9 
Height at 200 yrs [m] 48.0 53.4 53.2 
Height at 300 yrs [m] 54.8 59.6 58.8 
Standing at 100 yrs 822 656 658 
Standing at 200 yrs 557 419 332 
Standing at 300 yrs 491 358 256 
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4.2 Initial Density 
 
Because initial tree density may influence standing timber volume at equilibrium, and therefore 
potential LWD inputs, we evaluated the effect of initial seedling density for input TIPSY runs on 
equilibrium instream LWD volume. The default tree density level in TIPSY is 1600 trees/ha, and 
this density was used for the main simulations (Table 4) to standardize output and control 
variation for the main effects tested (i.e. buffer width and erosion rate.  However, we ran 
preliminary simulations with different densities to see if there was a significant effect of initial 
density on final LWD volume at equilibrium and to validate the choice of initial seedling density.   
 
As shown in Figure 12, the total LWD volume was not very different for the various initial tree 
densities, except for the very low initial density of 400 trees/ha where seedlings are clearly 
under-recruited relative to carrying capacity.  While it is difficult to state the initial density of a 
naturally grown forest, as not all trees begin growing at the same time, the B.C. Ministry of 
Forests provides some guidelines of required initial densities for replanting forests.  In the CWH 
BEC zone, as was simulated in our tests, the initial replanted density is specified at 900 trees/ha 
(B.C. Ministry of Forests, 2000).  This is less than the initial natural tree density simulated in this 
model, but throughout time the tree densities should even out, as the naturally grown trees would 
have a higher initial mortality rate. By the time the trees have reached an old growth state, 
densities would become quite similar. Figure 12 supports this supposition, as LWD volumes 
from densities of 800 trees/ha and larger are quite similar. 
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Figure 12:  Sensitivity testing for different initial tree densities  

(Simulation 16: W = 10 m, BW = 30 m, E = 0.148 m/yr) 
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4.3 Decay Rates 
 
The depletion rate of LWD depends on a number of different factors, such as tree species, size of 
LWD, the type of a channel in which the LWD is deposited, and biogeoclimatic zone, to name a 
few.  The default decay rates in the LWD model are based on Murphy and Koski (1989), and 
represent the average values for six channel types and for LWD in four different diameter 
classes.  It should be noted that decay is due to a combination of biological breakdown of wood 
and mechanical abrasion associated with flowing water and mechanical transport, but these 
mechanisms are not differentiated for the purposes of modelling decay, and are combined in a 
single relationship.  For our simulation exercises, Murphy and Koski (1989) decay rates were 
used, although their research was conducted in southeast Alaska, while our simulated forest was 
in southwest BC.  Decay rates in southwest BC may be somewhat higher than those in Alaska 
because of warmer temperatures, but it is difficult to accurately predict the decay rates without 
conducting field studies, so for our 75 initial simulations, the well documented decay rates of 
Murphy and Koski (1989) were assumed. 
 
However, a short sensitivity analysis was conducted to evaluate the effect of various decay rates 
on LWD volumes.  Five additional runs were performed, where the decay rates were either 
increased or decreased by the same percentage across all DBH classes (see Figure 13 in which 
100% decay represents the default decay values given in Table 2).  These tests were performed 
on the simulation for the largest stream width with the highest erosion rate.  As expected, 
decreasing the decay rate resulted in higher volumes of LWD remaining in the stream.  
Similarly, the effects of increasing the decay rates resulted in lower LWD volumes, but the 
absolute change seemed to be less pronounced than the effect of decreasing them.  However, 
equilibrium LWD volumes were much lower at higher decay rates, so that proportional decreases 
following riparian logging were more pronounced. 
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Figure 13:  Sensitivity testing for various decay rates  

(Simulation 66: W = 50 m, BW = 50 m, E = 4.723 m/yr) 
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5 Results and Discussion 
 
The main model testing was carried out for a range of modelling scenarios designed to cover a 
variety of circumstances where LWD plays a significant role (as discussed in section 3 of this 
report).  The results will be reviewed in terms of: (a) relative LWD trajectories over time for the 
75 scenarios described in Table 4, (b) comparisons between modelled scenarios and published 
data on instream LWD volumes, and (c) simulation of a real case scenario for the Queets River, 
WA, USA. 
 

5.1  Modelling Scenario Results 
 
Full results for the 75 scenarios outlined in Table 4 are shown in Appendices A, B and C.  
Appendix A shows all 15 scenarios for a particular stream width on one semilog plot.  As would 
be expected, the same stream produced the most LWD when simulated at its upper 95% erosion 
rate, and the least at its lower 95% erosion rate.  Furthermore, for all clear-cut cases the amount 
of LWD decreased quite rapidly in the first 75 to 80 years, after which time the volumes slowly 
started increasing, taking up to 300 years after the clear-cut for LWD volumes to reach pre-
disturbance levels.  For streams with designated buffer zones, the decrease in LWD volumes 
starts with a lag equivalent to the time needed for the stream to migrate beyond the buffer.  The 
faster the stream migrates through the old-growth buffer, the faster and larger the total decrease 
in LWD volumes and slower the recovery to undisturbed levels.  Figure 14 below is one of the 
figures from Appendix A.  It represents the results for a 30 m wide stream and illustrates all 
points described above. 
 
The same figures from Appendix A are re-plotted in Appendix B, but the LWD volumes are 
shown with a non-logarithmic axis, which makes it much easier to read the actual values of 
LWD without distortion by a logarithmic scale (e.g. Figure 15 for a 30 m wide channel).   
 
Sometimes it is useful to look at the percent difference in LWD volumes with respect to 
undisturbed values, i.e. LWD volumes standardized so that reference levels are 100%.  This is 
done in Appendix C for all tested stream widths and erosion rates (also see Fig. 16).  Again, at 
low erosion rates, where the stream moved only marginally through the buffer, the supply of 
LWD matched the historical levels for all tested buffer widths.  For all average erosion cases and 
all tested buffer widths except for the 50 m wide stream, the level of LWD did not fall below 
90% of the historical level (Figures C1 through C4, Appendix C), or 80% for the 50 m stream 
(Figure C5).  This means that the regulated buffer width would provide somewhat lower but still 
adequate amounts of LWD.   However, for all cases of clear-cutting, or cases with high erosion 
rates, the supply of LWD dropped well below historical levels.  For clear-cuts, the LWD 
volumes dropped by 50-60%, while for the regulated buffer width at high erosion rates the 
decrease was between 30 and 50%.  Figure  illustrates percent of LWD volumes with respect to 
undisturbed volumes for a 30 m wide stream for high, average and low erosion rates. 
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The results shown in Figure 16 are very similar to findings of Murphy and Koski (1989), who 
showed that by 80-90 years after clear-cutting, about 70% of large (60-90 cm) and very large 
(>90 cm) diameter classes of LWD are lost from streams. 
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Figure 14:  Semilog plot of LWD volumes for a 30 m wide stream. (Simulations 46 – 60) 
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Figure 15:  LWD volumes (m3/m) for a 30 m wide stream: (a) simulations 51-55; 

(b) simulations 46-50; and (c) simulations 56-60. 
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Figure 16:  Percentage of the original LWD volume for a 30 m wide stream:  

(a) simulations 51-55; (b) simulations 46-50; and (c) simulations 56-60. 
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5.2  Comparisons between Scenarios and Relevance to Published Data 
 
The following test was performed to evaluate the interaction between different channel widths 
and buffer widths on LWD volumes.  Figures 17a and 17b compare the LWD loadings for 
various stream widths simulated with their average erosion rate, where in Figure 17a LWD was 
calculated for the BC regulated buffer width, while in 10b all streams were assigned the same 
buffer width of 30 meters.   
 
Figure 17a illustrates that in the case of an average erosion rate, streams that are 4, 10, 20 and 
even 30 m wide seem to have an adequate buffer width to maintain LWD volumes with no more 
than about a 10% reduction.  The time when the decline starts depends on the erosion rate and on 
how many years are needed for the stream to move outside the buffer.  The 50 m wide stream 
with a 50 m wide buffer had a decrease in LWD loading higher than 20%, thus the role and the 
functioning of LWD could be altered.  Due to a relatively high erosion rate, the stream moves 
through the buffer within 90 years, at which time the new forest outside the buffer is still quite 
young and the trees are small.  The really large diameter trees are not existing yet and 
consequently there is a sharp drop in LWD volumes.  It can be concluded that the 50 m wide 
buffer is not adequate to maintain reference levels of LWD in the 50 m wide stream.  Reducing 
the buffer width to 30 m further aggravates the problem with a 50 m wide stream, because the 
stream would get through the buffer in about 50 years and the LWD reduction would be higher 
than 30% . 
 
This experiment demonstrates the importance of the size of the buffer in relation to the stream 
width.  Higher erosion rates can be expected for wider and larger streams, thus the lateral 
movement of the stream-channel could be considerable.  Neglecting this fact when deciding on 
how wide an area along the stream should be protected can severely undermine the role of the 
buffer zone.  Narrow buffer zones cannot provide reference volumes and sizes of LWD and their 
associated modifications to stream hydraulics and aquatic habitat. 
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Figure 17:  (a) LWD volumes for each stream width with an average erosion rate when using 

the B.C. regulated buffer width. (b) LWD volumes for each stream width with an average 
erosion rate when using a 30 m buffer. (Simulations 1,16, 31, 46 and 61) 
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Another similar evaluation was carried out to compare the LWD volumes for different stream 
widths at an average erosion in a clear-cut riparian forest scenario to maximize LWD depletion 
(Figure 18).  This experiment also compares the LWD loadings for different erosion rates, since 
each wider stream has a higher erosion rate.  Wider streams have more LWD prior to logging, 
thus for wider streams the starting LWD volume is higher.  There are higher amounts of LWD 
lost in wider streams, however, if we compare the loss in terms of percentage of the original 
volume (Appendix C, Figures C1 through C5), the loss is between 50 and 60% for all stream 
widths.  Consequently, the loss of a smaller volume of LWD in a smaller stream is just as 
detrimental as the loss of a larger volume in a wider stream.  Also note that LWD volume on the 
vertical axis is expressed as volume per linear meter of stream (m3/m) rather than as volume per 
m2 (area). 
 
Old logging practices that allowed for clear-cutting to the stream bank also often encouraged 
removal of logging debris from the stream channel.  This led to severe deterioration of channel 
morphology and aquatic habitat, because of the loss of both instream LWD and the source 
riparian buffer.  This test shows that even if LWD was left in the streams, serious changes in 
these streams would still occur, since more than 50% of LWD would disappear and the recovery 
to pre-logging conditions would take about 200 years. 
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Figure 18: Comparison of LWD volumes for different stream widths having average erosion 

rate, where their buffers have been removed. (Simulations 5, 20, 35, 50 and 65) 
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Figure 19 shows the relationship between the LWD volumes per unit stream length vs. the 
stream width for all of the streams tested at their average erosion rate.  Three different series are 
shown: the first is the volume at equilibrium (before any trees are cut, which is equivalent to old-
growth); the second represents the minimum volumes the LWD reaches over the 300-year 
simulation period when using the BC prescribed buffer width; and the third is the minimum 
volume over the 300-year simulation in case of clear-cutting.  As expected, there is a positive 
relationship between stream width and LWD volume for all three series, because larger stream 
widths have higher erosion rates, thus more wood ends up in the stream.  Also, a larger stream is 
assumed to be able to hold longer pieces of LWD, which increases the volume in the stream.   
 
The relationships for old-growth and for clear-cut are approximately linear, however, the slope 
of the clear-cut trend is lower, meaning that wider streams experience higher absolute LWD 
losses.  The trend for the BC regulated buffer is polynomial, where it closely follows the old-
growth for the narrower streams, but as streams become wider, the two trends increasingly 
diverge and the loss of LWD for the regulated buffer increases. 
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Figure 19:  LWD volumes for old-growth, for clear-cut, and for the BC regulated buffer width 

for different stream widths having average erosion. 
 
Our model confirms findings of Bilby and Ward (1989), who also found a positive relationship 
between stream width and LWD volume per linear m of channel for streams in undisturbed old-
growth forests of Western Washington.  For stream widths of 4 to 20 m, LWD volumes ranged 
between 0.3 and 5.0 m3/m.  These numbers are somewhat higher than the volumes in Figure , 
however, in their study, the LWD would be from all sources of recruitment, while in our model 
LWD originates from erosion only.  Similarly, in a study in southeast Alaska, Martin and Benda 
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(2001) found that recruitment rate of LWD from bank erosion systematically increased with 
drainage area (and stream width).  They reported that bank erosion and mortality were the 
dominant recruitment mechanisms, where erosion accounted for 60% of the total volume.  In an 
another study in coastal Alaska, Martin (2001) found that the percentage of LWD pieces larger 
than 60 cm in diameter increased with channel width, although there was much scatter and 
variation by geographic region and channel type. 
  
Benda et al. (2002) documented LWD volumes in old-growth and second-growth redwood 
forests in northern California, USA.  Contrary to our finding, there was no apparent trend 
between stream width and LWD volume in their study for stream widths between 1 and 22 m, 
perhaps because of the longer length and diameter of redwoods relative to species in coastal B.C.  
However, LWD volumes compared well with our results.  They found more wood in the streams 
in old-growth forests (between 0.5 and 4 m3/m) than in 50-year old second-growth forests (0.1 to 
0.7 m3/m).  These findings compare reasonably well to our old-growth and clear-cut 
relationships in Figure .  In their study, the LWD recruitment was due to erosion, mortality and 
landslides, where erosion accounted for 20 to 50% of the total amount of LWD.  They also found 
that there was more erosion in second-growth forests, which they attributed to smaller rooting 
system and logging related debris which caused increased flow divergence during floods. 
 
Table D1 in Appendix D shows LWD volumes for various streams in the Western part of North 
America (Martin and Benda, 2001; Benda et al., 2002).  The data for LWD in these streams was 
included in order to compare the results of the scenarios in Table 2 with a range of real world 
data.  The streams indicated in Table D1 are in old growth forests, and therefore can only be 
realistically compared with equilibrium volumes of the unlimited buffer produced by this LWD 
model.  For the streams sampled in Northern California, the only data that are given are the 
maximum and minimum LWD volumes found in the sample reaches, so it is only possible to 
look at whether or not the simulated LWD volumes fall somewhere within the range, which is 
fulfilled in most cases.  For the streams sampled in southeast Alaska, the average LWD volume 
was given, so it is easier to compare this with the average LWD volume for each stream width.  
The best agreement for the LWD model to these data was for smaller streams.  In the LWD 
model, the volumes increased more with increasing stream width than in the Martin and Benda 
(2001) data.  This may be related to the difference in tree species and climate between the 
location where their data was collected and our simulated location. 
 

5.3 Queets River Simulation 
 
We tested our model in a hypothetical real case scenario, the Queets River, WA, USA (Figure 
20), to calculate the changes in LWD volumes were logging to occur in the riparian zone.  The 
river was simulated with a width of 130 m and an average erosion rate of 7.5 m/yr as reported by 
O’Connor et al. (2003), although erosion rates of up to 30 m/yr have been recorded (O'Connor et 
al., 2003).  All other model parameters regarding the tree species and TIPSY input files, the tree 
fall angle, or the decay coefficients were the same as in our other modelling scenarios.  The river 
was simulated with an unlimited buffer with no logging, and with the maximum BC regulated 
buffer for any stream wider than 20 m, which is equal to a 50 m buffer.  Under the Washington 
State Forest Practices Rules and Regulations, fish bearing streams are assigned 25-100 ft (7-30 
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m) riparian management area, which is even less than what BC regulations would require.  
However Washington Forest Practices Rules prohibit most logging in CMZ (channel migration 
zone), which is 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” (Reynolds, 2003).  This is an 
attempt to provide corridors of mature forests along rivers prone to lateral migration, where the 
riparian buffer width is not a predetermined fixed width any more, but is equivalent to the CMZ. 
 

 
Figure 20:  A log jam in the Queets River on August 7, 1999 (from O’Connor et al., 2003) 
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Figure 21:  LWD volume simulated for the Queets River, WA, comparing a 50m  buffer 

(BC Regulation) with no cutting in the surrounding area (W = 130 m, BW = 50 m, E = 7.5 m/yr) 
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The erosion rate of 7.5 m/yr, would “chew” through the 50 m wide buffer within 7 years.  If the 
forest beyond the buffer was clear-cut, the trees outside the buffer would only start growing and 
there would not be adequate amounts or sizes of LWD available to maintain the historical or 
near-historical levels.  These results are shown in Figure 21.  The 50 m wide buffer does not 
appear to be very effective in keeping the LWD volumes near reference levels in this case.  The 
amount of LWD drops from 110 m3/m to about 51 m3/m, or by more than 50%.  A narrower 
buffer or a complete forest removal from the buffer would generate similar results, which clearly 
indicate that clear-cutting in any part of the CMZ for streams wider than about 30 m is not a 
feasible practice if the streams are prone to erosion and if maintaining reference levels of LWD 
is a concern. 
 
 

6 Conclusions 
 
A computer model was developed to evaluate the adequacy of different buffer widths to maintain 
LWD volumes in streams that are prone to erosion.  In earlier published models, the lateral 
migration of channels was not taken into account.  The buffer widths were determined based on 
the maximum distance from the stream bank from which trees would get recruited to the stream 
channel.   With this approach it was assumed that streams banks were essentially static, and that 
buffers could provide the necessary diameter, length and abundance distribution of LWD 
required to maintain channel structure and fish habitat. 
 
With the LWD model presented in this report, we tested stream channels of various widths and 
in different geomorphic contexts to estimate the long-term adequacy of present fixed-width 
buffers in maintaining natural LWD loadings to streams. The two key questions that we tried to 
address with this study were: 
 

i)  Does erosion of fixed-width buffers cause long-term reduction in LWD inputs when the 
channel migrated through the riparian reserve zone?  

ii)  If so, under what geomorphic contexts is the LWD input reduction significant (i.e. range 
of channel widths, gradients, and bank erosion rates)? 

 
Modelling diverse geomorphic contexts was achieved through varying the erosion rate for a 
range of stream widths.  O’Connor and Watson (1998) designed tables (Tables D2 and D3 in 
Appendix D), which describe the expected stream behaviour in different settings and are useful 
when determining if low, average or high erosion rates are to be expected for a given 
geomorphic context.   
 
Streams or sections of streams with cohesive banks or other banks with low erodibility, were 
modelled using the lower 95% tolerance erosion limit (Figure ).  As expected, the streams in 
these cases eroded through the buffer at such a slow rate that the supply of LWD was 
uninterrupted and near reference volumes for all tested stream widths.  However, in cases of 
clear-cutting the buffer, the reduction in LWD was of the order of 50%, and the minimum 
amount of LWD was predicted to occur about 70-90 years after logging.  During this period, the 
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supply of new LWD volumes was inadequate to balance the depletion of existing instream LWD.  
In addition, the new LWD would not provide the sizes of wood comparable to historical LWD 
diameter distributions. 
 
Streams modelled with the average erosion rate would depict moderately migrating streams 
flowing through coarser alluvial and colluvial deposits.  It was found that the buffer width 
required through BC forest practices is adequate to provide historical or near-historical levels of 
LWD at all times for streams up to 30 m wide.  The maximum LWD loss is of the order of 10%, 
and it occurs more than 150 years after the forest has been logged outside of the buffer.  The loss 
of LWD in terms of both volumes and adequate sizes is marginal, because by the time the 
streams move through the buffer, tree diameter in the second growth forest is already quite large.  
For the 50 m wide stream with a 50 m buffer, the maximum loss of LWD is about 20%.  It 
should also be noted that our analysis is likely to be conservative in terms of evaluating impacts 
of reduced LWD, since volume alone is not the best indicator of potential effectiveness of LWD 
in maintaining channel structure and creating fish habitat. The diameter of source trees also 
influences the effectiveness of LWD, which is more likely to cause pool formation when 
diameters exceed 75 cm (Rosenfeld and Huato 2003).  Not only is total input volume reduced 
following migration through the buffer, but the size distribution (diameter) of LWD will be 
reduced as well, leading to reduced LWD function for a given volume of wood relative to an old-
growth source. 
 
Based on these tests and on the Queets River simulation, we infer that LWD would not be 
maintained at near-reference levels in streams wider than 50 m in case of the maximum regulated 
buffer width of 50 m, because such streams would have higher average erosion rates and it would 
take less time for them to migrate through the buffer.  Therefore, the loss of LWD through time 
would increase beyond 20% and for wider streams it would approach the maximum of about 50%, 
which is the limit in case of complete logging.  Again, if clear-cutting occurred for these types of 
streams, the maximum loss of LWD would be about 50%.  Width of riparian buffers needs to be 
proportional to erosion rate to ensure reference levels of instream LWD. 
 
Very high erosion rates could be expected in streams and rivers flowing through alluvial deposits 
or glacial outwash in broad valleys with gentle slopes and well developed floodplains.  For 
streams modelled with the upper 95% erosion rate, the regulated buffer width is not adequate for 
any of the stream widths tested.  Even the smallest stream of 4 m would migrate through the 
designated buffer and would experience the maximum of about 30% LWD approximately 100 
years after logging.  For wider streams the loss is larger and approaches the maximum of 50% in 
ever shorter time periods.  However, for these high erosion cases even doubling the prescribed 
buffer width would not provide an adequate solution in terms of maintaining reference LWD 
volumes or sizes.  This would require leaving much of the CMZ zone intact; however this is not 
always simple to achieve because of increased human activities in these more easily accessible 
areas. 
 
The results of this study could have broad application in British Columbia and in adjacent 
jurisdictions.  The model provides a reasonably good management tool which can demonstrate 
expected trends under different riparian buffer widths and channel erosion scenarios.  Although 
currently the model considers LWD recruitment only through stream bank erosion, the calculated 
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volumes appear to be realistic when compared to published data.  It is possible to further fine-
tune the results through adjusting certain model parameters.  However, when applying the model 
it is very important to assess the input data properly and acquire a good sense of expected 
erosion rates, which may require at the very least familiarity with a site, or more direct measures 
of bank erosion in the field.  
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