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Abstract

LWD plays an important role in the structure and function of stream ecosystems.

Despite its importance there is very limited information on LWD for the streams of

the British Columbia central interior. Lack of such information has limited our

ability to develop science-based riparian forest management strategies.

This report summarizes our research results that were focused on increasing our

understanding of the role and dynamics of LWD in south-central interior of British

Columbia. This research consists of two components. The first component

includes a review of existing LWD recruitment models and the preliminary

development of a LWD recruitment model that will be developed for the south-

central interior of British Columbia. In this research, we compare several models

that have been recently developed in North America. The simulation models

reviewed include RAIS (Riparian Aquatic Interaction Simulator), CWD, and

STREAMWOOD.

The second component consists of the collection of LWD field data from several

headwater streams located within the forested plateau areas of the Thompson /

Okanagan region of British Columbia. The field component includes a

comparison of in-stream LWD loads and recruitment processes associated with

various levels of forest disturbance (e.g. old forests, wildfires and forest

harvesting). The age of LWD was also determined through radio carbon dating.

This field data will provide the basis in the validation of a future LWD recruitment

models and assist in the improvement of riparian forest management strategies.
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A Review of Large Woody Debris (LWD)
Recruitment Models

`
1.0 Introduction

LWD recruitment plays an integral role in the production and maintenance of riparian
and aquatic Habitat (Beechie and Sibley, 1997; Triska and Cromack, 1979).  A few
computer models have been developed to simulate LWD recruitment processes, in-
channel dynamics and riparian management impacts. These models are useful tools that
can be used to support development of suitable riparian management strategies for
maintenance of in-stream LWD supply and aquatic habitat protection.  Simulation
models are powerful approaches to investigate long-term in-stream wood dynamics.
Most wood models predict riparian forest recruitment for a single reach (Rainville et al.,
1986; Bragg 2000; Welty et al., 2002). The wood models can also simulate source
distance (Minor, 1997), riparian forest carbon budget (Malanson, 1993), and influence of
various riparian management systems on wood recruitment (Rainville et al., 1986; Welty
et al., 2002).

The Riparian Aquatic Interaction Simulator (RAIS), is a model that simulates riparian
forest dynamics for the generation of LWD and shade (Welty et al. 2002). CWD is a
riparian LWD recruitment simulator that acts as a post- processor to dead tree output
provided by the Forest Vegetation Simulator that is used in the United States (Bragg,
2000). STREAMWOOD is an individual–based, stochastic model composed of two sub-
models: a forest model and a wood model (Meleason, 2001). This research paper is a
review of these three models that represent the current state-of-art in the development of
riparian LWD recruitment models.

2.0 Models

2.1 Riparian aquatic interaction simulator (RAIS)

RAIS uses the predicted growth of forest stands along a stream segment to produce
estimates of the amount and size of wood input to and stored in a given stream reach,
and the amount of shade provided by the overstory canopy at any point in time (Welty et
al., 2002). RAIS is a meta-model that coordinates the flow of information between a
number of sub-models and allows user-friendly input of data and graphical displays of
results. According to Welty et al. (2002), there are three key steps performed within
RAIS (Figure 1).  First, the stand and tree characteristics are forecasted through time
using a Forest Growth and Yield Model. In the second step, characteristics of forest
stand, along with the number and size of mortality trees, are provided to the wood
recruitment and tracking model and the shade model, where a series of relationships
between channel characteristics, wood loading, and shading are calculated for each
year. In the third step, riparian function (number of functional pieces of LWD, number of
total pieces of LWD, LWD size distribution, mean LWD size and shading) is output to
files and data displays.
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                                                  Riparian Aquatic Interaction Simulator

                                                       (RAIS)

         Figure 1. Overview of the architecture of the RAIS (Welty et al., 2002)

2.1.1 Wood recruitment and tracking model

The wood recruitment and tracking model (Fig. 1) estimates the delivery of wood to the
channel and tracks the amount of LWD in the stream with a simple budgeting approach.
The wood recruitment and tracking model maintains a wood budget for a given stream
reach by calculating the amount of wood residing within it, based on the number of trees
dying and their probability of reaching the stream when they fall, less the net amount
depleted due to decay or fluvial export during the interval. The wood budget for a stream
reach is generally expressed as:

NWPt = NWP t-1 + recruitment  - depletion

Where NWP t-1 is the number of wood pieces in the channel at the beginning of each
time step; NWPt   is the number of wood piece remaining in the channel at the time t;
recruitment is the number of LWD pieces of suitable size and species that fall from
individual trees in the adjacent forest stand that make it into the stream or that float in
from upstream; and depletion is the downstream export of in-channel wood after
accounting for decay, breakage, or losses due to overbank flood flow.

Wood input to stream occurs through natural mortality, windthrow, bank undercutting,
and slop failure from adjacent forest stands (Murphy and Koski, 1989; Benda and Sias,
1998). The rates of tree recruitment to forest streams through these mechanisms have
had relatively little systematic study. RAIS assumes that mortality, as predicted by
ORGANON, and windthrow, are the only sources of LWD recruitment (Welty et al.,
2002).  RAIS further assumes that (1) the mortality provided by ORGANON, and
windthrow, is evenly distributed within the riparian area; (2) the dying trees will fall within
the calendar year in which they die; (3) the dying trees fall independently of each other;
and (4) trees fall as a single unbroken piece initially. RAIS allows the user to specify a
rate of windthrow as a fraction of live trees per year. This rate can be set as a constant
value for the first decade after harvest occurs adjacent to nearby riparian areas.

User
Interface

Forest Growth
and Yield Model

Wood Recruitment
and Tracking
Model

Large Woody
Debris
 Prediction

Tree Canopy
Model

Shade
(Blocking Factor)
Model
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Counts of LWD in streams often identify classes of wood size, each of which are
specified by a threshold size with a defined minimum diameter and length. For example,
fisheries biologists typically count “total” wood in streams, which includes all pieces
greater than 10 cm in diameter measured at the mid-point of the piece and 1m in length.
The size of a tree determines the maximum distance from the stream from which both
total and functional size pieces can be recruited to the stream. The diameter (DOB,
diameter outside bark) at height (h) between the base and the top of the tree (TOTHT) is
determined using a taper equation from Rustagi and Loveless (1991) which is of the
form

DOBh = DBH [
BHTOTHT
hTOTHT

−
−

]β

                Fig. 2. Diagram of key height definition on tree bole used in calculations
                                           (from Welty et al., 2002).

Where BH is breast (1.37m), and β is a coefficient discussed in Rustagi and Loveless
(1991).

Total height, (DIB = 0.0)

H-FULL

H-MINDIB, ( DIB = MINDIB)

EH

Breast height ( 1.37m), ( DOB = DBH)

Ground line
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To simulate whether or not a WOOD-PIECE of tree will be delivered to a channel the fall
distance (FALLDIST) of a tree is calculated based upon the tree’s distance from the
channel (x), its effective height (EH), its direction of fall and the fallen trees angle (C)
relative to the channel.  FALLDIST is calculated using the following equation:

FALLDIST = 
)cos(c

x

                                                                        Channel

                      Fig. 3. Calculation of fall distance (Welty et al., 2002).

When the Effective Height (EH) >FALLDTST a WOOD-PIECE of a tree can be delivered
to the channel if it falls in the correct direction towards the channel. The probability of
entry (PR_ENTRY) into the channel is based upon a simple fall bias factor (ω) based on
the following equation:  

PR_ENTRY =cos-1  (
EH
X

)(2.0/П x 2.0) (1+ ω)

According to Welty et al. (2002), Andrus (2001) has collected a large amount of tree fall
data that suggests trees adjacent to a channel do not fall in a random fashion with
approximately 50% more trees then random falling in the direction of the channel. Based
upon this research a value of 0.5 has been used for ω. The non-random nature of tree
fall adjacent to a channel is presumably due to effects of slope and downhill lean or bank
erosion at the butt of a tree although the exact mechanisms for the non-random nature
have not been quantified.

The average length of LWD found in streams is significantly less than the height of trees
in the riparian area. Trees usually break into smaller lengths, and can, therefore,
potentially supply more than one piece of wood to the stream if they are near enough to
the channel (Welty et al., 2002).

X

Distance

ω
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RIAS allows for breakage of the tree bole to form two pieces. One piece is delivered
when 2x MINLEN > (H_FULL_FALLDIST)>MINLEN. A single piece is broken into two
pieces of equal length when H_FULL _FALLDIST >2x MINLEN.

RAIS allows the user to specify the width of the riparian area from which riparian function
will be calculated. This area can be further divided into two to four zones that parallel the
stream channel. RAIS tracks woody debris recruitment individually by zone and sums
the total from the entire riparian area, allowing analysis of the contributions of each zone
independent of the woody debris and shade predictions. The average entry probability
for each zone is computed by numerically integrating as a function of distance from the
channel and multiplying the probability times the average mortality rate for the current
time period. At each distance from the channel, the probability of a tree falling into a 10˚
portion of a circle is computed, FALLDIST is calculated for the same 10˚ portion of a
circle, and then LWD input, breakage and LWD size is determined.

RAIS allows the user to select an annual depletion rate or to use a relationship that
varies with piece size and channel width, developed from data reported by Murphy and
Koski (1989). RAIS treats the depletion rates as a net rate of change in wood within the
reach, assuming that the values represent recruitment minus depletion. Once a piece of
LWD is depleted, it is thereafter lost from the piece count. Depletion is expressed as a
percent of inventory lost each year, and recruits are not available for depletion until after
one year. This approach assumes a long–term average, although, depletion probably
occurs disproportionately in years with flooding events. RAIS allows the hardwood in the
stand to be counted as a WOOD_PIECE, but depletes them at an equal or faster rate
than the conifer based upon a user-specified multiplier of 1-3 times faster. RAIS does
not directly account for wood that floats in from upstream; the wood loading predictions
will be conservative in that regard. If streamside recruitment is of most interest, RAIS
allows setting the depletion rate to zero, thus, evaluating only inputs over the forecasted
interval.

2.1.2 Forest growth and yield model

According to Welty et al. (2002), there are several widely used stand growth models
available in the Pacific Northwest, including ORGANON, which considers multiple
species and size classes (Hann et al., 1995), and DFSIM (Curtis et al., 1981).

ORGANON is used to project stand conditions of quadratic mean diameter (DQ) and the
average height (AVGHT) for both the live and dead trees /acre (TPA) through time for
user–specified stand conditions and management scenarios. Through its interface, RAIS
initializes ORGANON at a stem density (TPA) specified by the user, then grows the
stand based on the user–specified site index (SI). Mortality is calculated as the
difference between number of live trees (TPA I-1– TPA I) from year (yearI-1) to year
(yearI). The diameter (DQ-DEAD) and height (AVGHT-DEAD) of dead trees are also
estimated by ORGANON.

Since the RAIS architecture runs independently from the forest growth simulator, other
growth and yield models can be used instead of ORGANON with minor or no
modifications to coding, as long as the key forest attributes are output to a file (YEAR,
DQ, AVGHT, TPA, DQ_DEAD, AVGHT_DEAD).
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2.2 CWD Model

2.2.1 CWD model overview
CWD is a riparian LWD recruitment simulator that acts as a post-processor to dead tree
output provided by the Forest Vegetation Simulator (FVS) growth and yield model. All
live stand dynamics and disturbances occur within FVS, producing a list file of dead
trees for each successive 10 year increment. CWD is responsible for snag dynamics,
including snag longevity, direction on fall, fragmentation, and channel recruitment (Bragg
et al., 2000). CWD is a riparian LWD recruitment model that predicts LWD delivery to
small riparian systems as a tool to assist in riparian zone management.

2.2.2 Consideration of snag
CWD was designed to permit user flexibility in determining snag distribution. Assigning
the location relative to the channel also allows one to avoid detailing stream position
through time, so shifts in channel location do not affect the results (Bragg et al., 2000). In
CWD, users can include bank steepness to help determine if debris enters the bankfull
channel by defining the elevation of the edge of the forest plot above the stream
channel.

According to Bragg et al. (2000), species, diameter, and time since death are the most
significant factors for snag residency. The user can adjust the weighting values for each
factor dependent on the needs. Usually, time is weighted more heavily than diameter,
which in turn is weighted more than species.

Several modifiers such as a species modifier, diameter-based modifier, time-based
modifier and harvest-based modifier have been developed to approximate snag failure.
The species modifier classifies the failure of snags into inherent resistance classes
based upon tree species. The additional modifiers, developed by Bragg and others, are
used to calculate the differences in the mechanical strength between species but do not
account for unpredictable degradation (e.g., root rots, insect attack) that may weaken the
stem (Bragg et al., 2000).

A number of studies (Lyon 1977;Raphael and Morrison 1987) found large-diameter trees
fall at a slower rate than small-diameter stems. The diameter-based modifier is used for
diameter-based failure (Bragg et al., 2000).  Therefore, CWD simplified the relationship
between stem failure and diameter to negative linear trend that assigns the lowest
vulnerability to large stems and the highest to small stems. The wood decay rate is
linked to diameter, the larger the diameter of the tree, the longer it may persist as a snag
(Bragg et al., 2000).

The time-based modifier was developed following a negative relationship between time
and snag residency, to incorporate the effects of aging on snag residency. In CWD
snags that stand for more than one cycle are reduced in size to reflect their tendency to
slowly fragment from the top down (Bragg et al., 2000).

The harvest-based snag failure modifier is used to adjust for impact of harvest on snag
residency. As cutting intensity increases, snag density declines, and safety regulations
require that most snags be felled at harvest time. According to Bragg et al. (2000),
harvest intensity can be adapted to simulate the effects of a natural catastrophic
disturbance on LWD recruitment.
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2.2.2 Consideration of snag fall direction

The angle of fall can be calculated if the snag falls and transferred into the LWD pool.
The most common approach assumes a random angle of tree fall. Van Sickle and
Gregory (1990) modeled the probability (Ps) of a tree entering the stream channel as:

Ps = ∫
−a

a

daaf
180

)(

Where ax = sin-1  (z/h) t, z is the perpendicular downslope distance from standing tree to
the nearest channel boundary, h is the effective tree height, and f (a) is the pattern of
tree fall. Their integration of random fall direction yielded:

Ps = cos -1(z/h) /180

However, when trees are in steep drainages or immediately adjacent to the channel, the
randomness of treefall may be different (Bragg et al., 2000).

According to the samples, most snags fell in 1of 3 directions (±10°): towards the stream
(0°); parallel to the stream (90˚); or away from the stream (180˚). Using a x² test on a
circular distribution,  riparian LWD recruitment was then developed as a function of angle
of snag fall, distance from the stream, and snag fragmentation patterns (Bragg et al.,
2000).

Once CWD model redimensions each piece through application of a taper equation
modified from Czaplewski et al. (1989), it selects those that enter the bankfull channel.
Because the distance from the stream (DIST), elevation of the snag relative to bankfull
channel (ELEV), and angle of stem fall (θH), and length (L) of the individual pieces of
LWD are known, it is possible to calculate which pieces meet the recruitment criteria (L≥
DUSTs) with the following equation:

L≥ {DISTs/cos θH} {1/cosθv)

Where the elevational piece adjustment θv equals

θv=arctan {ELEV/ DISTs}

If DISTs overlaps the distance from the piece by at least 1 m, the piece is delivered to
the stream. Since it was possible for a snag to fall across the stream and have pieces
break off outside of the required bankfull zone, CWD was instructed to disregard those
pieces (Bragg, et al., 2000).

2.2.3 Within-stream LWD attrition

According to Bragg et al. (2000), a piece of riparian LWD should be retained within the
active channel for extended periods of time. Retention is a function of stream width, flow
characteristics, LWD size (especially length), and decay rates. Small pieces of LWD are
often highly transient, which limits their value. Large pieces are retained, on average,
longer because of lower mobility and slower decay. LWD retention is related to length;
the longer a piece, the more likely it is to get wedged along the bank or aggregated with
other debris. While seasonal floods, debris torrents, or channel shifts can eliminate more
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LWD than decay, decomposition is an important variable in determining piece residency
in periods of low disturbance.

Since CWD does not explicitly model in-stream debris movement, their approach
assumed that riparian LWD follows a long–term steady state. So losses should roughly
equal inputs in unmodified old- growth stands.

The following relationship describes this dynamic:

 LWD load = LWD Pervious + LWD new –LWD lost.

Predictions of CWD are sensitive to initial conditions and subject to considerable
variance from one reach to another. Riparian forest conditions greatly influence riparian
LWD loading. Streams that have forested cover to bankfull width also contribute
significant new LWD. The likelihood of delivery declines steeply with increasing distance
to the stream (Van Sickle and Gregory 1990).

CWD appears to do a good job in generating recruitment patterns, debris loads, and
other long-term dynamics. Using FVS and CWD to predict LWD recruitment can help
develop strategies to restore streams lacking LWD or can determine the potential effects
of management activities on riparian zones (Bragg et al., 2000). CWD can also provide
forest managers and aquatic biologists with a tool to help understand the implications of
forest structure and dynamics on riparian process. Moreover, both FVS and CWD for
local conditions and management objectives can help managers with the flexibility to
anticipate changes initiated by different treatments before implementing them in the field
(Bragg et al., 2000).    

2.3 STREAMWOOD

2.3.1 Description of STREAMWOOD
STREAMWOOD is a computer simulation model. It was developed to investigate the
dynamics of wood in stream ecosystems ranging from a single reach to a small basin.
STREAMWOOD is an individual–based model, and it includes two submodels: a forest
model and a wood model (Meleason, 2001). The forest model is a simplified forest gap
model that grows riparian forests under various management regimes. The wood model
simulates recruitment of trees to the channel and subjects all logs associated with the
stream to in-channel processes. Recruitment includes the processes of delivery and
breakage, which produces logs that can be partially outside the channel. In channel
processes applied to each log include breakage, movement, and decomposition.  The
model can simulate riparian forest and stream wood dynamics over periods of years to
centuries using annual time steps (Meleason, 2001).

STREAMWOOD was written in an object-oriented programming language (Microsoft
Visual c++) as a collection of classes (the hierarchical spatial arrangement of a stream
system). It consists of two sub-models: a forest model and a wood model. The sub-
models are spatially explicit, individual–based, stochastic models.  
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2.3.2 Forest model

The forest model is a gap-phase type model based largely on the documentation of
three existing forest-gap models: ZELIG (Pacific Northwest version by Dr. Steve
Garman, Forest Science Laboratory, Corvallis Oregon based in Urban, 1990), JABOWA
(Botkin, 1993) and CLNACS (Hemstrom and Adams, 1982; Dale and Hemstrom, 1984).
All forest models are individual–based, stochastic models that use a Monte Carlo
procedure to simulate recruitment, growth, and death of trees on plots of fixed size. The
forest model simulates riparian forest dynamics for managed and unmanaged stands.
Output of the forest model for given year is a list of dead trees for each forest plot, which
are then passed to the wood model (Meleason, 2001).

The simulated stream reach consists of a riparian zone on either side of a stream zone
(Fig. 4). Maximum riparian forest width is 100 m and riparian forest length is equal to
reach length. A riparian forest consists of a matrix of forest plots of fixed size (25m x
25m), which grow independent of each other. The condition of each row of plots, parallel
to the stream channel, are initial forest stand, soil moisture level, maximum biomass,
and maximum number of trees.

Representation of a riparian forest located on both sides of the stream channel is
included. Each riparian forest is composed of a matrix of forest plots. Riparian zones can
be partitioned into zones of random and directional fall and be divided into upland forest
and riparian management areas (RMA) can be further divided into no-cut and partial–cut
zones. Species, position, diameter at breast height (DBH), height, leaf biomass, and
total stem and bark biomass characterize each tree. Tree form is assumed to be conical
with a constant taper. The detailed descriptions of calculation of those forest parameters
are presented in Meleason (2001).

          Forest
            Width

         Stream                        reaches length
           Width

Figure 4. Representation of a riparian forest located on both sides of the stream channel

  Random
   Fall

-------------------------------------------
…………………………………….
 directional                  partial
  Fall                              cut
……………………………………
                                     No-cut

Plot
Matri Upland

forest

RMA
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2.3.2.2 Wood model

The purpose of the wood model is to simulate tree recruitment into the channel and in–
channel dynamics. Simulations include breakage, movement, and decomposition. The
wood model is an individual-based stochastic model that operates on an annual time
step. Trees that have died during the current year, from either the forest model or the
tree-input file, are then input to the wood model.

Log definition. In the model the definition of a log consists of a species, position relative
to the top of the reach, top and bottom diameters, length, taper and lengths at each end
outside of the channel. Log shape is assumed conical with a constant taper. Residence
time, volume, distance moved, and lengths outside of the channel are updated each time
step. All logs must be greater than minimum size (top diameter and length) and at least
partially within the channel. Logs that do not fit these criteria are eliminated from the
database. Logs are checked for minimum size after each of the four wood model
components (recruitment, log breakage, log movement and decomposition)   If a log’s
top diameter is below minimum diameter, log length is adjusted to produce a top
diameter equal to minimum diameter. If the log length is below minimum length after this
adjustment, the log is eliminated from the database. Log volume (V, m3) is calculated
using the two–end conic rule equation (Bell and Dilworth, 1988).  

Tree recruitment (tree to log conversion). The tree recruitment component determines
which of the individuals on the dead tree list enter the channel, delivers the trees to the
channel with entry breakage, and determines initial conditions of logs. Characteristics of
a dead tree include: species, DBH, total height, position, and year of death. Fall angle
depends on the location of the tree with the fall angle zones defined for the riparian
forest (Figure 4)(Meleason, 2001).

Trees in the model fall the year they die. The intersection of the fallen tree with the
nearest stream bank is a function of the effective tree height (length to minimum
diameter), distance to the nearest bank, and the angle of fall (Van Sickle and Gregory,
1990). Little information exists for the development of an entry breakage function but its
exclusion was found to produce unreasonable size-frequencies distributions (Van Sickle
and Gregory, 1990).

Two modes of tree entry are available in the model. In the first mode, only the portion of
the tree that falls within the channel is considered and portions that fall outside the
channel are eliminated from the database. The diameter at the stream banks is
calculated and no other breakage occurs during entry. In the second mode, tree entry
includes entry breakage events independent of the location of the stream banks. Trees
break into various numbers of pieces, and the user defines the maximum number of
breaks using a random number with a uniform distribution between zero and one
(Meleason, 2001).

Location of breakage along the log is determined using one of three break location
functions included in the model. Break location functions are used in the second mode of
tree entry and in the in-channel breakage component described below. Logs are
assumed to break perpendicular to the long axis of the log using one of the following
equations:

Ltop = (-rN) * Lp   
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Ltop  = exp [LN (Lp)/2]

Ltop = exp [LN (Lp* rU)]

Where Ltop is the Length (m) of the top piece, Lp is the length of the parent log; rN is a
random number with a normal distribution between 0 and 1(Meleason, 2001).

Log Breakage. The in-channel breakage component breaks a subset of all logs in a
reach for a given year. Very little information exists on fragmentation of wood within the
channel, therefore; a relationship was developed based on the assumption that the
chance of breakage increases with residence time and decreases with log size (top
diameter). In addition, newly recruited logs were assumed not to break for a period
proportional to its size (top diameter), as observed in the decay of standing dead trees
(Graham and Cromack, 1982). Using these assumptions, a simple linear equation was
developed, which determines the chance of log breakage (PB):

PB = pb1 * [RT – (DT/pb2)]

Where pb1 and pb2 are species–specific breakage coefficients, RT is log residence time
(year) and DT is the top diameter. Values for pb1 and pb2 are equal for all species
(Table 1) (Meleason, 2001).

Log Movement. The log movement component moves a subset of all logs in a reach in a
given year. This component requires the simulation of unidirectional flow. Logs in the
upstream reaches are considered first, followed by the downstream reaches. Logs can
move from reach to reach and those that move out of the defined system are eliminated
from the database (Meleason, 2001).

There are two parts to the log movement component, chance of movement and distance
moved. The chance of movement (PM) for a log in a given year and reach is defined as
follows:

PM = 1/[1 + exp (- (m0+ m1 * FLOW +m2 * Pz4 +Kpi + L))]

Where: L = m3 + m4 *LBFW + m5 * LBFW2 and FLOW is the annual return interval (year),
LBFW is log length to bankfull width, L is the regression coefficient for a log of a given
LBFW, and Pz4 is the proportion of log length outside of the channel. A key piece is
defined as a log having a LBFW ≥1 and at least 50 % within the channel.  Kpi is a
categorical variable with four levels, which are defined in terms of the number of key
pieces in a given reach (Table 1). Values for the chance of movement coefficient (m0 to
m5) are presented in Table 2. This function can be calibrated to predict the chance of
movement for a given stream. A piece moves if the chance of movement is greater than
a random number with a uniform distribution between zero and one.

Once a log is predicted to move, the total distance moved is calculated. For a given
population of logs in transport, the proportion that ceases to move farther was assumed
constant. Based on this assumption, distance moved is calculated using a single
negative exponential:

M BFW = LN (rU) / KM    
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Where KM is the reciprocal of the average travel distance (bankfull width units) for a
reach, and rU represents the proportion of individuals that moves farther. The distance
moved (MBFW) is initially scaled to the bankfull width of the current reach and then
converted to distance moved in meters (Meleason, 2001).

Table 1.  Definition of key piece categories for determination of the chance of movement
for the four key piece categories (Kpi).

Key piece
Category

Key pieces
Per 100m

Kpi

None N< 10 0.0
Low 10<=n<20 0.5
Medium 20<=n < 30 1.5
High n>30 2.0

Table 2. Chance of movement parameter values used in equation

Parameter Value
M0 2.81250
M1 -0.09600
M2 0.01900
M3 0.80835
M4 0.50830
M5 4.88090

Decomposition. Stream wood decomposes as a thin outer veneer, with minimal
decomposition internally and tends to decompose slower than on the forest floor.
However, total residence time of logs on the forest floor and in the stream may be similar
because stream wood is rarely observed in advanced stages of decay due to physical
abrasion and increased fragmentation caused by flowing water. A log that is partially in
the channel may contain various decay stages due to the influence of terrestrial and
aquatic conditions on decomposition (Meleason, 2001).

All logs are decomposed by volume each year using a single negative exponential decay
equation. Decay rate used for a log partly in the channel is based on the proportion of
log length outside the channel:

Vt+1 = Vt * e-K
D, KD = KA + Pz4* ( KT-KA)

Where Vt and Vt+1 are total log volumes (m3) at the beginning and end of the interval, Pz4
is the proportion of a log’s volume outside the channel, KA, KT, and KD are the aquatic,
terrestrial, and calculated decomposition rates for a given species. Top diameter (D t+1,
cm) of the log with volume V t+1 is calculated with the following equation, which assumes
the length and taper remain constant:

D t+1 = { *12  LT  *C*V t+1 – 3* LT
4 *C*T2 -3*LT

2 *C*T  / 6*LT*C}
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Where LT is total log length (m), T is log taper (cm/m), and C is a conversion constant
equal to 0.0000262 (Meleason, 2001).

3.0 Model Comparison

To conduct a full simulation of the riparian LWD recruitment processes and its ecological
function, a more holistic approach including both riparian forest development and
recruitment and in-channel processes (breakage, movement and decomposition) is
needed.  In order to accomplish this, most LWD recruitment models are composed of
two sub-models: a forest growth and yield model and a wood model.  The forest growth
and yield models produce data such as tree mortality (number, size, location etc.) that
will then be passed to the wood models. However, each model has different strengthens
and weaknesses. The following presents key differences between RAIS, CWD and
STREAMWOOD models, with a detailed comparison shown in Table 3.

3.1 Model Utility

RAIS predictions across a wide range of input variable produced results within the range
of those observed in pacific Northwest streams, suggesting that it can provide useful
insight into the interactions between streamside forests and riparian functions of LWD
recruitment and shading. Because RAIS produces directly measurable, and therefore,
testable, hypotheses of forest–to–stream linkages, it lends itself to validation and
subsequent improvement. The structure of the model can also accommodate
quantification of other riparian functions that are determined wholly or in part by riparian
forest characteristics (Welty et al., 2000).

Model STREAMWOOD provides a useful framework for identifying needs for new
information on wood dynamics. The forest model was designed to include only the
essential components necessary to simulate stream wood recruitment under different
riparian management regimes. Most of the model components can be modified or
replaced without substantial modification to STREAMWOOD’s underlying structure. In
addition, numerous processes associated with in-stream wood dynamics are not
considered in the current version (Meleason, 2001). Because of separate representation
of various LWD in-channel processes, STREAMWOOD may be the only one for
simulating LWD dynamics and impacts of different management strategies.

CWD is a riparian LWD recruitment simulator that acts as a post–processor to dead tree
output provided by the Forest Vegetation Simulator (FVS). All live stand dynamics and
disturbances occur within FVS, which produces a dead tree list file that CWD processes
into cyclic (10yr) recruitment patterns. CWD is responsible for snag dynamics, including
snag longevity, direction of fall, fragmentation, and channel recruitment (Bragg et al.
2001). CWD also allows evaluation of different disturbance regimes (harvesting, wildfire)
on LWD recruitment. CWD version is currently available only for the Utah and Teton
variant of FVS. CWD version 1.4 only works with FVS version 6.1.

3.2 Selection of the growth and yield models

CWD and RAIS use growth and yield models to generate tree mortality data, while
STREAMWOOD adopts gap models for the same purpose. The key difference lies in
whether the forest model is stand-level or individual-based. In STREAMWOOD the
individual log is the fundamental modeling unit for tracking wood dynamics through time
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and space. Each individual riparian tree is established, grows each year and eventually
dies. A tree that falls into the stream may break into several logs. Each log has unique
characteristics and also has a unique history in response to the various in-channel
processes (breakage, movement and decomposition). According to Meleason (2001),
the advantage of an individual-based model is the added realism in describing
population-level dynamics of a system (McCauley et al., 1993; Judson, 1994). The
disadvantages, however, include the computational time required as well as determining
the order of the processes acting on an individual tree(McCauley et al., 1993).  In CWD
and RAIS, the stand-level growth and yield models (e.g. FVS for CWD and ORGANON
for RAIS) are used to estimate tree mortality (number, size and assumed location), the
generated mortality data is then used by the model’s sub-models. These stand-level
models are less complex, and require less computational time. This comparison
indicates that users should evaluate the trade-offs between individual-based and stand-
level when selecting suitable forest models.

3.3 Representation of in-channel processes

CWD and RAIS models focus on recruitment of wood to the channel from riparian
forests for a single reach. A constant depletion rate assumes a steady state condition
because movement of wood into and out of a reach are assumed equal and losses from
breakage and decay are independent of stream flow regime and log characteristics such
as size and species. Differences between STREAMWOOD and the other two wood
models include separate representation of in-channel processes and spatial presentation
of stream ecosystems. STREAMWOOD is a spatially explicit model in which a given
reach is influenced by processes occurring upstream.

In STREAMWOOD, losses occur through movement, decomposition, and breakage if
resulting pieces are below minimum size. Wood is delivered from riparian forest
recruitment and from movement from upstream reaches.

Table 3. Comparison between RAIS, CWD and STREAMWOOD models

Variables RAIS CWD STREAMWOOD

Model Type Stand-level-based
riparian LWD
recruitment and
shade

Stand-level-based
LWD recruitment
post-processor

Individual-based
stochastic (spatially
explicit)

Utility Riparian LWD
recruitment and
shade

Riparian LWD
recruitment

LWD recruitment
and in-stream
dynamics

Scale Reach level Reach level Reach to small
basin

Sub-model Two sub-
models

Forest: ORGANON;
Wood tracking model

Forest model: FVS;
Wood model: CWD

Forest: gap models;
Wood model

Integration Through user Post-processing Built in together
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interface

Tree mortality Mortality Generation of dead
trees per acre; allow
only thinning option

A dead tree list
from FSV; allow
management
options

A dead tree list per
plot; allow
management
options

Assumptions Evenly distributed;
dying trees will fall
within the calendar
year; fallen tree
remain unbroken

Randomly
distributed;
consideration of
snag residency and
stem failure; allow
LWD to break into
pieces

Randomly
distributed; dying
trees will fall within
the calendar year;
allows breakage of
dead trees

Falling Dying trees fall
directionally

Dead trees fall in a
tri-modal
distribution

Dying trees fall
directionally

Recruitment
representation

Competition
Mortality

Yes Yes Yes

Wind-throw Yes; assume a rate
as a fraction of live
trees

No No

Bank
erosion

No No No

Upstream
Import

No; assume a
steady-state
condition

No; assume a
steady-state
condition

Yes

In-Channel
processes
representation

Breakage No No Yes

Decay or
depletion

Yes; using depletion
for decay, breakage
and transportation

Yes Yes

Export or
movement

No; assume a
steady-state
condition

No; assume a
steady-state
condition

Yes

Applicability Other growth and
yield models can be
used with minor
modification to
coding

Design for the
Teton Variant of
FVS only; a more
generic version is
planned

Alternative growth
and yield models
can be used
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4. Conclusion

Computer simulation is a useful approach for exploring riparian LWD recruitment and
dynamics in aquatic environments. It can also be used to evaluate impacts of various
management strategies on in-stream LWD-related processes. Three recently-developed
LWD models (RAIS, CWD and STREAMWOOD) represent the state of art in modeling
efforts on riparian LWD recruitment and dynamics. Each model has its unique
advantages and weaknesses, reflecting its initial design purpose, data availability and
locality. All models can be downloaded from websites, but usage of them requires some
levels of modifications. A more generic LWD model is needed for broad application.

Simulating riparian LWD recruitment is a challenging task, involving many components
and processes. Based on this review, STREAMWOOD is a more comprehensive model
than other two models. STREAMWOOD is particularly useful for assessing long-term in-
stream LWD dynamics.
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Quantification of the Difference
in In-stream Woody Debris Loads

between Harvesting and Wildfire Disturbance in the Interior of BC

1.0 Introduction

The ecological role of natural disturbance regimes has been recognized recently,

and is increasingly used in the design of sustainable forest management systems

(Agee 1993, Attiwill 1994a, Bergeron and Harvey 1997, Wei et al. 1997, 2000,

2001). It is generally accepted in forest research and management communities

that sustainable forest practices must be defined and designed within a natural

disturbance context. Forest managers are particularly interested in understanding

natural wildfire disturbances in order to maintain the ecological patterns and

functions of these forests (Parminter, 1998; Lertzman, 1998; Kimmins, 2000; Wei

et al. 2003). However, lack of understanding of the difference between wildfire

and harvesting greatly limits our ability to emulate natural wildfire disturbance

regimes for sustainable management of the BC interior forests.

One of the key differences between wildfire disturbance and timber harvesting is

the amount of in-stream large woody debris (LWD) left after a disturbance.

Concerns have been expressed in British Columbia over potential impacts of

forest practices on fish habitat due to reduction of LWD being recruited to fish-

bearing streams. LWD plays an important role in the structure and function of

stream ecosystems (Harmon et al. 1986, Bisson et al. 1987, Gregory et al. 1991).

LWD traps coarse particulate organic matter and sediments (Anderson and

Sedell 1979). It influences channel morphology (Nakamura and Swanson 1993),

the composition of riparian vegetation (Malanson and Butler 1990), nutrient

dynamics (Aumen et al. 1990), and fish habitat (Carlson et al. 1990). Because of

its potential importance in streams, LWD has become an increasingly important

issue in riparian zone management (Ralph et al. 1994). To date the majority of



2

LWD research has focused on coastal environments in the Pacific Northwest

(Richmond and Fausch 1995) with limited research conducted in the southern

interior of British Columbia. Increased knowledge of in-stream LWD abundance /

budgets in southern interior headwater streams will greatly assist land managers

in development of appropriate riparian management strategies and in the

development of science-based approaches that will contribute to the sustainable

forest management planning process.

1.1 Purpose and Objectives

The purpose of this study was to compare in-stream LWD abundance and

channel morphology characteristics between old forest stands (i.e. >120 years),

harvested and young forest stands (i.e. forest stands disturbed by wildfires that

are less than 100 years old) in south-central British Columbia. LWD budget

information was also derived from identification of the different recruitment

processes including episodic forest death (fire or harvesting), forest growth and

chronic mortality, bank erosion, mass wasting, decay and stream transportation.

The objectives of this research were to:

1.) Compare the differences in LWD abundance (number and volume)

within stream reaches that flow through old, wildfire killed and

harvested forest stands;

2.) Identify the relative importance of various recruitment processes

within the various forest stands.

3.) Compare channel morphology characteristics and the functional role

of LWD associated with these forest stands.

4.) Provide field based information that can be used in the development

and validation of in-stream LWD models.
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2.0 Study Area

The study was conducted in the Okanagan Plateau and Thompson Highlands in

south-central British Columbia (Figure 1). Forest ecosystems in this area are

dominated by Montane-Spruce (MS) and Engelmann Spruce Subalpine-fir

(ESSF) forest ecosystems (BC Ministry of Forests, 1991). Forests ecosystems

within this area are generally described as Natural Disturbance Type 3 (NDT3)

ecosystems associated with frequent stand-initiating events that have resulted in

a forest landscape characterized by a mosaic of single cohort (even-aged)

stands of different ages (BC Ministry of Forests, 1995). Historically, the mean

disturbance return interval for the wildfires in this area was about 150 years (BC

Ministry of Forests, 1995). Forest stands situated within the study area consist

primarily of coniferous tree species of lodgepole pine (Pinus contorta),

Engelmann Spruce (Picea engelmannii) and subalpine-fir (Abies lasiocarpa) with

minor components of Douglas-fir (Pseudotsuga menziesii). Deciduous trees such

as trembling aspen (Populus tremuloides) and cottonwood (Populus balsamifera)

are present but are not a significant component of these stands.

The Okanagan Plateau and Thompson Highlands range in elevation from

approximately 1000 m to over 1800 m and lie within the rain shadow east of the

Cascade Mountain Range and west of the Monashee Mountains. Precipitation

ranges between 400 mm to over 1000 mm with the majority of the precipitation

falling in the winter months as snow. Mean annual temperatures range from 1.7

to 4.7oC. Annual streamflow in this area is typical of snow-dominated hydrologic

regimes with peak runoff occurring in the spring between April and mid July,

primarily from melting snowpacks situated above 1200 m (Canada-British

Columbia Okanagan Basin Agreement 1974). Surficial deposits in the area

include thick, unconsolidated deposits of glacial drift covering much of the

bedrock in the area (Zubel 1994), with numerous bedrock outcrops and thin
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Figure 1. Location of study sites.
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morainal veneers (Roed 1995). The Okanagan Plateau and Thompson

Highlands can be described as having rolling terrain with a low percentage of

slopes greater then 60%. Landslides and debris flows are relatively uncommon

except along mainstem stream channels that are deeply incised in the morainal

blanket. Headwater streams generally have gradients less then 15% with boulder

/ cobble channel beds and banks.

Timber harvesting and source-areas for domestic and irrigation water supply are

the primary landuses for the watersheds that drain the Okanagan Plateau and

Thompson Highlands. Mining activity is present but is relatively minor component

over this landscape. The majority of timber harvesting in the area has occurred

over the last thirty years with relatively minor occurrences of highgrade logging

occurring in the 1960’s. Watersheds drained by mainstem channels generally

have Equivalent Clearcut Areas (ECAs) in the 0 to 55% range with the majority of

watersheds having ECAs in the 20 to 30% range.

2.1 Site Descriptions

A total of 32 first or second order headwater stream reaches were randomly

sampled in 2003 in the months of July to October 2003. However, based upon

our age criteria for purposes of comparison only 28 stream reaches are included

in this study. These 28 stream reaches were further grouped into five disturbance

categories based upon tree age and disturbance history. Site characteristics for

the five disturbance categories are shown in Table 1 with individuals

characteristics of the 28 stream reaches outlined in appendix A. All of the study

reaches are situated within either ESSF or MS biogeoclimatic zones between

1310 and 1720 m in elevation. Forest stands adjacent to the study stream

reaches consisted of lodgepole pine dominated stands or mixed stands of

Engelmann spruce, sub-alpine fir and/or lodgepole pine.
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Table 1. Characteristics of study streams in five disturbance categories.
(Mean ± SD)

Disturbance
Category

Sample
Size (n)

Stand Age
(years)

Watershed
Area (km2)

Elevation
(m)

Stream
Gradient

(%)
Bankfull
width (m)

Bankfull
depth
(cm)

Old Forest 6 163 (36) 505 (280) 1530 (76) 4.8 (2.6) 2.4 (0.6) 0.5 (0.1)

Wildfire 80 6 77 (11) 540 (444) 1435 (116) 5.1 (2.7) 2.8 (0.5) 0.4 (0.1)

Wildfire 40 4 45 (8) 278 (69) 1540 (128) 5.9 (1.7) 2.2 (0.9) 0.5 (0.1)

Harvest 10 7 117 (35)* 475 (402) 1376 (70) 7.4 (4.2) 2.0 (0.8) 0.4 (0.1)

Harvest 30 5 128 (25)* 505 (224) 1452 (74) 6.0 (2.9) 2.4 (0.4) 0.5 (0.1)
*Forest age prior to harvest

3.0 Methods

3.1 Study Site Selection

In each of the randomly selected stream reaches, the streams were assessed

visually to select a representative 150-m section of stream that met the following

criteria:

1. Hydrologic Regime: Snowmelt-dominated hydrologic regimes

2. Physiographic Divisions: Thompson Plateau and Okanagan

Highland

3. Uniform Forest Cover: Forest stands consisting of a single timber

type of either Lodgepole pine or Engelmann spruce /Subalpine fir

situated on both sides of channel reach.

4. Natural Disturbance Type: Ecosystems with frequent stand-

initiating events (NDT3)

5. Biogeoclimatic Zones: EESFdc, ESSFdk, ESSFdv, ESSFxc, MSdc,

MSdk, MSdm1, MSdm2, MSxk, MSxv

6. Channel Types: Riffle-Pool, Cascade-Pool and Step-Pool
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7. Stream gradients: <15% (Note: a maximum stream gradient has

been established to focus our study on headwater streams situated

in the Plateau regions of the Southern Interior to minimize the

influence of other disturbances such as debris flows and landslides

on LWD abundance).

8. Landuse: No major disturbances upstream of unlogged areas (i.e.

low equivalent clearcut areas associated with fire or clearcut

logging)

9. Drainage Area: 5 km2 to 50 km2 (approximately 1st to 3rd order

streams with bankfull widths of <5 m ) (Note: channels with bankfull

widths greater then 5 m were not included in this study since the

focus of the project is “headwater streams” situated on the

Okanagan Plateau or Thompson Highlands)

3.2 Field Measurements

LWD and geomorphic channel characteristics for 150 m segment of each stream

were determined through field measurements similar to those utilized by

Kaufmann and Robinson (1998) and Gomi (2001), as described below.

LWD Measurements

All LWD pieces that are within bankfull width were inventoried

sequentially within a 150 m channel segment (i.e. >30 bankfull widths)

starting at randomly selected locations within representative channel

reaches.

Lengths of LWD pieces located partially outside of bankfull width were

also measured. All woody debris pieces that were at least 10 cm in

diameter and no smaller then 1 m in length were measured. This

minimum size criteria has been used in several other LWD studies, so
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their use in this study allows for comparison with other studies. LWD

measurements included:

• Distance from start of segment

• Description of LWD piece within bankfull (log, root wad, jam or log

and root wad)

• Total length of LWD piece

• Length of LWD within bankfull width

• Diameter of LWD at each end within bankfull width

• Orientation of LWD (parallel, downstream, perpendicular, upstream

and unknown)

• Decay Class (1, 2 or 3)

• Location of LWD within the channel cross-section (e.g. lower half of

channel below bankfull height, upper half of channel below bankfull

height and above bankfull height)

• Identification of origin of LWD piece by recruitment process (e.g.

mortality from insect or disease, wind, fire, bank erosion, transport,

logging etc.)

• Stability class (i.e. anchored or buried in channel bank, spanning

channel above bankfull, loose in channel or braced by other wood

pieces)

• Tree species

LWD jams were also classified as an aggregation of 10 or more LWD

pieces that are tightly packed together. LWD within jams are difficult to

measure; therefore, LWD pieces were grouped into bins based upon

length and diameter. The height and length of the jam was also

measured along with a visual estimate of the percent of the jam

occupied by interstitial spaces of air or sediment.
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The volume of each LWD piece situated within bankfull width was

calculated as a frustum using Smalian’s formula (Lienkaemper and

Swanson 1987):

(1) V = 1/8π(D1
2+D2

2)L

where, V is volume of LWD piece (m3), D1  and D2 are end diameters

(m) within bankfull width and L is the length (m) of the LWD piece within

bankfull.

To determine the age and composition of forest stands situated along

the 150 m channel segment two circular fixed-radius plots placed on

each side of the channel segment (5.64 m in diameter or 1/100th of ha)

were used to estimate the total number of stems, volume, species

composition and age of trees (Reid Collins and Associates Limited

1992). Within each plot, tree species, tree diameter (measured at 1.3 m

from the base), tree age (three dominant trees) and tree height (three

dominant trees) were measured and recorded. Standing dead snags

were also included in the measurements. Downed coarse woody debris

present within the riparian areas was not measured since this is

considered to be beyond the scope of the study.

Three decay classes were used to describe the stage of decomposition

of each of the LWD pieces (Table 2).
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Table 2. Three class system for evaluating decay of LWD (modified

from five classes used in Robison and Beschta, 1990)
Decay
Class

Bark Twigs Texture Shape Wood Color

I Intact Present Intact Round
Original

colour

II Trace Absent

Smooth;

some

surface

abrasion

Round

Original

colour

darkening

III Absent Absent

Vesicular:

many holes

and

openings,

spongy

Irregular Dark

3.3 Channel Morphology Characteristics

Channel morphology characteristics within the 150 m channel segments were

measured utilizing the approach developed by Kaufmann and Robison (1998).

Channel dimension measurements included bankfull width, bankfull depth,

wetted width, wetted depth and channel gradient collected at 11 cross-section

transects placed at equal intervals (i.e. 4 - 5 bankfull widths) along the 150 m

channel segment. The relatively close spacing of the channel cross-sections was

assumed to be adequate to capture the variability in channel width through out

the channel segment. Channel unit type (Table 3) was measured at 1 m intervals

within the 150 m channel segment. Channel unit types were further classed into

three categories (i.e. Fast, Glides and Pools). The “Fast” channel unit category

includes riffles, rapids, cascades, and falls. The “Pool” category includes all the

pool types identified in Table 2 such as plunge pools, lateral pool, etc. The glide

channel unit category includes glides only. The main pool forming elements were
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also identified as either LWD, small woody debris (SWD), rootwad (R), boulder or

bedrock (B) or an unknown cause related to fluvial processes (F). At each of the

11 cross-sections the b-axis diameter of the largest stone moved by flowing

water was also determined (BC Ministry of Forests, 1996).

Table 3. Channel unit types and description (adapted from Kaufmann and

Robison, 1998).
Channel Unit Type Description

Pools: Still water, low velocity, smooth, glassy surface,

usually deep compared to other parts of the

channel. Pools are low points in the channel profile.

Plunge Pool (PP) Pool at base of plunging cascade or falls

Trench Pool (PT) Pool-like trench in the center of the stream

Lateral Scour Pool (PL) Pool Scoured along a bank

Backwater Pool (PB) Pool separated from main flow off the side of the

channel

Impoundment Pool (PD) Pool formed by impoundment above dam or

constriction

Pool (P) Unspecified type

Glide (GL) Water moving slowly, with a smooth, unbroken

surface. Low turbulence.

Riffle (RI) Water moving, with small ripples, waves and eddies

– waves not breaking surface tension not broken.

Rapid (RA) Water movement rapid and turbulent, surface with

intermittent white water with breaking waves.

Cascade (CA) Water movement rapid and very turbulent over step

channel bottom. Most of the water surface is broken

in short, irregular plunges, mostly whitewater.

Falls (FA) Free falling water over a vertical or near vertical

drop into plunge, water turbulent and white over high

falls.

Dry Channel

(DR)

No water in the channel

3.4 Data Analysis
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For comparison and analysis purposes the sample reaches situated within

unlogged forest stands were grouped into three categories (Old Forest, Wildfire

80 and Wildfire 40) based upon the average age of dominant tree species

present in the upper stratum of the adjacent riparian forest stand. Similarly,

sampled stream reaches that flow through harvested riparian areas were

grouped into two categories (Harvest 10 and Harvest 30) based upon the date of

harvesting. Single-factor ANOVA was used to compare the various LWD

attributes of the five stream categories. Assumptions for normality and equal

variances were also tested. Transformations were used if necessary when the

data did not meet these assumptions.

Table 4. Description of categories used for comparison in the ANOVA.
Disturbance Category Dominant Age of Adjacent Riparian

Forest

Wildfire 40 0 to <50 years

Wildfire 80 50 to< 100 years

Old Forest > 120 years

Harvest 10 1990 to 2000

Harvest 30 1965 to 1980
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4.0 Results

4.1 LWD Abundance, Volume and Size
Average in-stream LWD dimensions measured within the bankfull width of the

channel are summarized in Table 5. A single-factor ANOVA test was used to

compare in-stream LWD abundance between the various disturbance categories.

The average LWD abundance between the five disturbance categories was

found not to be statistically significant (Prob.>F = 0.1337, α = 0.10). The Box

Plots shown in Figure 2 provides a graphical comparison of the data.

Similar to Bird (2002), in-stream LWD volume (m3/100 m) was standardized by

dividing the volume per 100 m channel reach by the unit cross-sectional area to

generate a dimensionless average standardized volume (m2/m2) for each of the

five categories (Table 5 and Figure 3). Standardization was necessary since the

average LWD piece length increased proportionately with an increase in the

average bankfull width for each the stream segments. A statistically significant

difference was identified between the average standardized LWD volume and the

five disturbance categories based upon a log transformation of the data to

minimize the variance between the five categories (Prob.>F = 0.01, α = 0.10).

Statistically significant differences were identified between the log mean values

of the following pairs of disturbance categories: Harvest 10 and Old Forest,

Wildfire 40 and Old Forest. Based upon a back-transformation of the differences

in the means yielded a median ratio of 1.08 and 0.88 for the two significantly

different categories, respectively. Therefore, the median standardized LWD

volume for the Harvest 10 category was 3 times greater then the Old Forest

category and 2.4 times greater for the Wildfire 40 category as compared Old

Forest category.

The mean diameter for the Wildfire 40 disturbance category was significantly

greater by approximately 1.3 times compared to all of the other four disturbance

categories (Prob.>F = 0.001, α = 0.10). No statistically significant differences

were identified for average piece length between the five categories.
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Table 5.  LWD dimensions within bankfull width by disturbance category
(standard deviation shown in brackets).

Dist.
Category

No. of
Streams
Sampled

Mean LWD
Abundance
(#pieces/100

m)

Mean Piece
Diameter

(cm)

Mean Piece
Length

(m)

Average
Volume

(m3/100 m)

Average
Volume
(m2/m2)

Old
Forest

6 45 (15.0) 17 (2.0) 2.3 (0.4) 2.6 (0.9) 2.3 (0.5)

Wildfire 80 6 66 (21.6) 16 (2.0) 2.6 (0.3) 4.1(1.9) 3.4 (1.2)

Wildfire 40 4 54 (29.6) 21 (1.3) 2.6 (0.7) 5.7 (2.9) 6.8 (5.0)
Harvest

10 7 75 (21.7) 17 (1.8) 2.4 (0.6) 5.3 (2.3) 7.4 (3.5)

Harvest
30 5 76 (29.6) 16 (1.2) 2.6 (0.3) 5.6 (3.9) 5.0 (2.9)
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Figure 2. Box Plot comparison of in-stream LWD abundance (#pieces / 100 m)
for each of the disturbance categories.



15

LW
D

 V
ol

. (
m

2/
m

2)

0

2

4

6

8

10

12

14

Harvest 10 Harvest 30 Old Forest Wildfire 40 Wildfire 80

Disturbance Type

Figure 3. Box Plot comparison of in-stream standardized LWD volume (m2/m2)
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Figure 5. Box Plot comparison of in-stream LWD length for each of the
disturbance categories.

4.2 LWD Decay by Disturbance Category

The Harvest 30 disturbance category had the largest proportion LWD in the

Decay Class 3 category (Figure 6). Approximately 98% of the LWD in the

Harvest 30 category was in the highest decay category as compared to the Old

Forest Category that had only 62%. The Wildfire 40 and Harvest 10 disturbance

categories had decay values that were intermediate to these values with the

Wildfire 80 category having a slightly lower Decay Class 3 value then the Old

Forest Category.
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Figure 6. Comparison of classes of decay between each of the five disturbance
categories.

4.3 Recruitment processes (input mechanism) by Disturbance Category

The mechanism of input of in-stream LWD was difficult to determine for the

majority of LWD pieces present within the channels of the various disturbance

categories. Approximately 24 to 75% of the LWD input sources could not be

identified for each of the disturbance categories (Table 6, Figure 7). Based only

on the pieces in which the input mechanism could be identified the majority LWD

input into the Old Forest disturbance category included wood transport (25.5%)

from upstream and mortality (24.4%) of individuals trees due to cessation,

disease, insects or competition. The two main LWD input processes in the

Wildfire 80 disturbance category included windthrow (16%) and mortality

(12.6%). The main input process for the Wildfire 40 category was related to trees

killed by wildfire (23.7%). Although the majority of input processes could not be

identified for the harvest categories the identified LWD input in the Harvest 10

category was related to windthrow (8.7%) and logging (7.5%) whereas, the main

input sources in the Harvest 30 category were bank erosion (7.8%) and logging

(6.7%).
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Table 6: LWD input mechanism (percentage) by disturbance category.

Input Mechanism (%)
Dist. Cat.

Beaver Bank
Erosion Fire Mortality Logging Transport Windthrow Unknown

Source
Old Forest 0.0 14.0 1.3 24.4 0.0 25.5 11.2 23.7

Wildfire 80 0.2 10.2 5.2 12.6 0.0 7.6 16.0 48.2

Wildfire 40 0.2 8.4 23.7 9.9 0.2 6.3 3.8 47.6

Harvest 10 0.0 4.2 0.1 2.0 7.5 5.1 8.7 72.5
Harvest 30 0.3 7.8 0.9 2.9 6.7 4.8 1.3 75.2
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Figure 7. Input mechanism (%) by disturbance category.

4.4 LWD Jams

The aggregation of LWD into jams as defined in the methods was a very small

component of the total amount of LWD. The low number of jams is most likely

related to the relatively narrow channels sampled and the low transport capacity

of LWD. For all of the channel segments the LWD pieces were generally evenly

distributed throughout each sampled channel segments. Table 7 provides a

summary of the number and average volume of the LWD jams by disturbance

category.
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Table 7. Summary of number and volume of woody debris jams by disturbance
category

Disturbance Category Number of Jams Average Jam Volume
(m3)*

Old Forest 1 2.4
Wildfire 80 6 5.8
Willdfire 40 3 3.3
Harvest 10 1 8.4
Harvest 30 2 1.9

*Jam volume = width x length x depth x (1-% interstitial space) between LWD
pieces in jam.

4.5 Channel Morphology

The percentage of each of the channel habitat units were compared between

each of the five disturbance categories by grouping the various unit types into

three categories (i.e. Fast, Glide, Pools). No statistically significant differences

were identified between the average percent of any of the three channel unit

habitat types and the five disturbance categories. The box plots shown in Figures

8, 9 and 10 provide a graphical comparison of each the channel unit categories

by disturbance type.
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Figure 8. Box Plot comparison of percent fast channel habitat units (RI, FA, CA
etc.) by disturbance category.
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Figure 9. Box Plot comparison of percent glide channel habitat by disturbance
category.
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Figure 10. Box Plot comparison of percent pool channel habitat (all pool types
combined) by disturbance category.

4.6 LWD Influence on Pool Formation

LWD was the main influence on pool formation in all of the disturbance

categories except for the Old Forest category (Table 8 and Figure 11). The

primary influence on pool formation in the Old Forest disturbance category was

boulders but LWD did play a role in forming approximately one third of all the

pools.

Table 8. Main influence on pool formation (%) by disturbance category.

Percent Pool FormationDisturbance
Category Boulders Fluvial Root Wad SWD LWD
Old Forest 41.4 23.7 0.0 5.7 29.2
Wildfire 80 10.8 9.0 0.0 4.2 76.0
Wildfire 40 27.4 7.5 4.1 2.8 58.2
Harvest 10 7.9 5.7 0.0 1.4 85.0
Harvest 30 21.9 11.5 1.0 3.5 62.1
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Figure 11. Comparison of the primary mechanisms (i.e. boulders, fluvial, root
wads, small woody debris (SWD) and LWD) of pool formation (%) by disturbance
category.
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5.0 Discussion and Conclusions

5.1  LWD Volume

Our study identified that LWD volumes were either higher or not significantly

different in harvested areas as compared to in-stream LWD volumes within

streams that flow through older forest types (>120 years). This finding is similar

to several reports that have showed increased LWD after harvesting (Gomi

2001). Other authors have reported lower volumes of LWD subsequent to forest

harvesting (Hedman et al. 1996, Bilby and Ward 1991) or no significant

differences in LWD volume (Ralph et al. 1994). These research findings are

contradictory and are highly dependant upon the history of logging, subsequent

post-logging treatment of harvested sites and original stand condition. Although

these factors are important, further study into these factors is required but has

not yet been conducted in our study.

In-stream LWD volume was also identified to be significantly higher in the

streams that had experienced the most recent wildfires (Wildfire 40 category).

This finding is consistent with Bragg’s (2000) simulation of LWD volume that

identified a peak in LWD volume 30 – 50 years after a wildfire with a subsequent

reduction of in-stream LWD as the adjacent forest ages. These finding highlight

the dynamic nature of LWD volumes through periods of low disturbance and high

disturbance (e.g. catastrophic disturbances such as wildfires) (Earth

Environmental Systems Institute, 1998).

5.2 LWD Decay

Although there were similar or higher volumes of LWD in the streams that flowed

through the harvested categories it is important to note that much of the LWD is

in a advanced stage of decay especially for the areas that had been harvested

25 to 35 years ago. Over the next few decades the existing LWD in the streams

flowing through the harvested areas will be particularly susceptible to physical
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fragmentation by streamflow. Depending upon the inherent stability of the

channel and due to the reduction in LWD, the stream channels may be more

susceptible to channel change. This finding highlights the importance of

understanding the stability of channels and the identification of stream channels

that are highly dependant upon LWD for stability and formation of channel

habitats.

5.3 LWD Recruitment
The input source was not known for many of the LWD pieces. This was

especially apparent in the harvested and younger forest categories where 47% to

75% of the input sources could not be identified. In regards to our study this

finding is particularly important in the development of LWD recruitment models

that are based on actual field conditions. Alternative study approaches (e.g. long-

term stream reach studies) are probably required to better approximate

recruitment processes in the various forest stands.



24

5.4 Channel Morphology
In south-central British Columbia the degree to which LWD plays a role in

influencing channel habitat (i.e. pools) has often been debated. Although more

analysis of data is required to better understand the contributing factors (i.e.

gradient, substrate size, channel width, etc.) that influence channel habitat

formation, it is clear that LWD plays a role in influencing the formation of channel

habitat in the majority our studied streams.
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Appendix A. Summary of physical characteristics from individual
study streams

Table A1. Characteristics of unlogged study reaches.

Stream

Drainage
Area
(ha)

Ripari
an

Forest
Age

(years)

Gradient
(%)

Bankfull
width*

(m)

Reach
Elevation

(m)
Disturbance

Category

Municipal Creek (1) 231 186 6.8 2.0 (0.6) 1600 Old forest

Reed Creek 373 200 5.4 2.4 (0.6) 1580 Old forest

Municipal Creek (2) 718 120 5.7 3.4 (0.7) 1600 Old forest

Nicola River Trib 250 123 2.2 1.6 (0.7) 1410 Old forest

Dome (1) 517 157 1.1 2.1 (0.8) 1490 Old forest

Dome (2) 942 194 7.8 2.8 (0.3) 1500 Old forest

Wilkinson Creek Trib 365 72 4.7 3.1 (0.6) 1560 Wildfire 80

240 Creek 353 84 3.7 3.3 (0.6) 1600 Wildfire 80
Headwaters Lake
Trib (1) 437 91 4.2 2.5 (0.6) 1380 Wildfire 80

Headwaters Lake
Trib (2) 485 79 2.5 2.1 (0.4) 1310 Wildfire 80

Cotton Creek Trib 179 78 10.3 2.4 (0.5) 1390 Wildfire 80

Sterling Creek 1420 59 5.1 3.4 (0.6) 1370 Wildfire 80

Hidden Lake Trib 175 50 8.0 2.4 (1.1) 1720 Wildfire 40

Canyon Creek (1) 320 49 5.9 3.4 (0.8) 1500 Wildfire 40
Canyon Creek Trib
(2) 303 46 3.9 1.6 (0.3) 1520 Wildfire 40

Selinger Creek 316 33 5.6 1.4 (0.3) 1420 Wildfire 40
* Standard deviation in brackets.
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Table A2. Site characteristics of logged sample reaches. Table includes age of
riparian forest stand prior to harvesting.

Stream
(harvest year)

Drainage
Area
(ha)

Riparian
Forest

Age
(years)**

Gradient
(%)

Bankfull
width*

(m)

Reach
Elevation

(m)
Disturbance

Category

Peach Land Lake
Trib (1)
(1992)

166 84 14.7 1.3 (0.4) 1320 Harvest 10

Peach Land Lake
Trib. (2)
(1992)

350 112 9.3 1.6 (0.3) 1320 Harvest 10

Rabbit Creek Trib (3)
(1993) 588 155 3.3 2.4 (0.5) 1440 Harvest 10

Lambly Lake  Trib (1)
(1992) 267 96 10.1 2.2 (0.5) 1470 Harvest 10

Lambly Lake Trib (2)
(1992) 65 97 6.9 1.4 (0.3) 1440 Harvest 10

Below Christie Lake
(1993) 630 176 4.3 1.9 (0.6) 1330 Harvest 10

Gold Creek
(1992) 1256 98 3.5 3.5 (0.6) 1310 Harvest 10

Rabbit Creek Trib (1)
(1973) 868 N/a 4.9 2.4 (0.5) 1370 Harvest 30

Rabbit Creek Trib (2)
(1978) 571 124 4.3 3.0 (1.1) 1450 Harvest 30

Crescent Lake Trib
(1977) 396 N/a 10.9 2.1 (0.5) 1420 Harvest 30

Upper North Trout
(1969) 308 155 3.8 1.9 (0.8) 1570 Harvest 30

Terrace Creek Trib
(1968) 384 106 6.0 2.6 (1.0) 1450 Harvest 30

*Standard deviation provided in brackets
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Appendix B

Age-Distribution and Decomposition

Properties of In-stream LWD in the Southern Interior BC

Prepared by Dr. Xiaoyong Chen (for Dr. Adam Wei)

Background

The critic role that LWD plays in structure and functioning of riparian and stream

ecosystems has been widely recognized through extensive studies around the

world over the past thirty years. In recent years, there has been growing concern

about the distribution, storage and release processes of carbon in LWD in

aquatic systems due to the climate change and greenhouse gas issues. Carbon

in woody debris in forest lands is rapidly released. By contrast, LWD decays very

slowly in submerged or buried aquatic environments. Therefore, in-stream LWD

represents a special carbon allocation and may be an important component in

assessing carbon sink and source at the watershed scale. However, few studies

have been conducted regarding the characteristics of carbon storage in LWD and

it release processes in forested stream systems. One of the difficulties in this

kind of research is how to determine the age distribution of in-stream LWD.

Radiocarbon dating technology provides a useful tool for determining the age of

LWD. The bombardment of the upper atmosphere by cosmic rays converts

nitrogen to a radioactive isotope of carbon, 14C, with a half-life of about 5730

years. Vegetation absorbs carbon dioxide through the atmosphere by
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photosynthesis processes. When a plant dies, it stops replacing its carbon and

the amount of 14C begins to decreases exponentially through radioactive decay.

Radiocarbon dating is based on the disappearance of 14C due to radioactive

decay.

This study aims to explore the pattern of age-distribution of LWD in submerged

stream environments, and estimate carbon storage in LWD and carbon release

through the LWD decay process. The results from this study will improve our

current understanding of this important component of the global carbon cycle.

Sample collection

In-stream LWD was sampled as part of the comprehensive fieldwork carried out

from July to October, 2004. All woody samples (about 200-400g fresh weight)

were cut from LWD pieces that were submerged in aquatic environments and in

an advanced state of decay (Decay Class III – refer to Section 2). A total fifty

samples were taken from six forested streams in the study area. In the field, each

sample was put into a plastic bag and numbered. The samples were placed into

ice boxes and brought to the laboratory. All samples were kept under 4 0C until

further treatment.

All woody samples were cleared using distilled water and the volume of each

sample was determined. The samples were then oven-dried at 60 0C for 48
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hours. After, the samples were placed in plastic bags in preparation for

radiocarbon dating analysis.

Radiocarbon dating analysis

Sample preparation for 14C-dating and analysis were carried out at the

Radiocarbon Laboratory, China-Germany Arid Environmental Research Centre,

Lanzhou University, Gansu Province, P. R. of China.

Each woody sample was cut into pieces the size of 5 × 20 mm. The samples

then were processed using 1N HCL procedure to remove easily hydrolysable

carbon, such as carbohydrates. Wood samples were soaked in 1% NaOH for 20-

30 minutes until the liquid remained clear, and soaked for 30 minutes in 10%

HCL. Finally, samples were soaked several times in deionized water to remove

residual salts and CL+. The samples were then dried at 100 0C.

The radioactive 14C of each of the samples were measured using the Wallac

Quantulus 1220 ultra low-level liquid scintillation spectrometer.

Results and Discussion
1. Distribution of LWD submerged in the streams by age class
The age distribution of LWD submerged in the forested stream systems in

southern interior British Columbia is shown in Figure 1. The youngest age of the

LWD samples was found to be 233 ± 50 years, and the oldest age of the LWD

sample was 665 ± 33 year. Half of the woody samples were in the age range of

500 to 600 years. Another 30% of all the samples were in the age range of 400 to
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500 years. These results implied that a large disturbance may have happened

about 550 years ago in the study area which caused a great quantity of wood to

enter into the stream systems. Carbon storage in this type of LWD is considered

to be a long-term carbon sink.

Figure 1. Frequency of submerged LWD by age class in forested watersheds in

southern interior BC

2. Relationship between LWD density and LWD age
The density of LWD samples ranged between 0.2 and 0.4 g cm-3.  The density of

LWD samples in the 200-300 years and > 600 years classes had a higher density

than LWD in the 400-500 year class (Figure 2).
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Figure 2. LWD Wood density by age class.
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Figure 3. Relation between the age of the submerged in-stream LWD and the

density.
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