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Introduction

Channel response to forest fire
involves both exogenous (i.e., origi-
nating outside the study reach) and
endogenous (i.e., originating within
the reach) changes in the conditions
governing channel morphology. The
exogenous impacts that commonly
occur following a forest fire include
changes in the timing and magnitude
of the peak flows, and volume and
character of sediment delivered from
the hillslopes (Wondzell and King
2003). To some extent the exogenous
changes are stochastic, driven by, for
example, heavy precipitation events or
melting of the accumulated winter
snowpack. These events are deter-
mined by the sequence of weather
systems that happen to occur. The
endogenous changes are more pre-
dictable because they are typically
related to changes in the bank
strength and large woody debris vol-
umes over time. As a result, it is not
possible to define a single trajectory
for the channel state following wild-
fire, since channel morphology will
respond to both randomly occurring
and predictable changes in the gov-
erning conditions.

To investigate the full range of poten-
tial channel trajectories following
disturbance, it is necessary to define
the entire suite of potential channel
states. This can be achieved by con-
ducting a sensitivity analysis using a
simplified model of reach-scale chan-
nel conditions, and then varying one
governing condition at a time over the
potential post-disturbance range.
Researchers at the University of British
Columbia (UBC) developed the model
used for this analysis, called the UBC
Regime Model (UBCRM). The model

and a user’s manual are available
online to the general public.’

The goals of this article are to give an
overview of the UBCRM, to briefly dis-
cuss the data collection and calibration
procedures, and then to use the model
to evaluate how a particular case study
stream might respond following a for-
est fire. The study stream is Fishtrap
Creek, which was burned by the
McLure fire in August 2003. Additional
information about the study site and
the changes that have been observed
there since the fire are available in sev-
eral other articles in this issue. This
article explores the potential future
response of the stream channel over
several decades and does not focus on
the changes observed to date.

The UBC Regime Model

The UBC Regime Model (UBCRM) has
evolved over many years as a result of
collaboration between researchers in
the Department of Civil Engineering
and the Department of Geography at
UBC. The model is based on the
understanding that a simple model
with modest data requirements is
more likely to be useful than a
data-intensive, numerically demanding
one, especially for environmental prac-
titioners. While simple, the model does
consider the relevant controlling fac-
tors, the most important of which are
the nature and erodibility of the chan-
nel banks.

Rational regime theories, such as those
that underpin the UBCRM, have a
long history (e.g., Chang 1979; White
et al. 1982). There are two main
impediments to the general accep-
tance of rational regime models:

(1) the development of a scientifically
reasonable understanding of the
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assumptions necessary to make a
unique prediction using these models
(called extremal hypotheses); and (2)
the incorporation of a bank
stability analysis in the
model. Researchers at UBC
(including M. Church, B.
Eaton, R. Millar, and M.

The regime model is
predicated upon the
idea that channel

slope (S5); the median surface grain size
(Dso); and a measure of the largest
commonly occurring stones found on
the streambed
(usually the Dys,
or 95th percentile
of the surface
grain size distribu-

Quick) have made signifi- morphology is tion). It also
cant progress on these two ol e e 0 requires knowl-
issues. We have been able 21 _e QT I edge of the

to reformulate the extremal ~ carried by the relative

hypotheses to make the
underlying principle more
easily understood (Eaton et
al. 2004; Millar 2005). We

stream, averaged
over some suitably
long time scale.

erodibilility of the
channel banks.
The typical
bankfull flow
channel dimen-

have tested this principle
against observed channel
adjustments in the laboratory and in
the field, where we have observed
behaviour that is consistent with our
generalized extremal hypothesis. We
have also incorporated various bank
strength formulations into the regime
model, which results in a general
agreement between model predictions
and observed channel dimensions,
overcoming the long-standing criti-
cism that regime models consistently
underpredict channel width. (The
details are in various papers by the
author and others, listed on the
UBCRM Webpage.) We believe that
the UBCRM has numerous practical
applications, including the assessment
of potential impacts due to landscape
disturbances, land use changes, and
climate change, as well as preliminary
assessment of channel rehabilitation
designs.

Data Requirements and
Model Calibration

To set up and run the model, it is nec-
essary to have information on the
stream channel under consideration:
this usually requires field measure-
ments. Detailed descriptions of the
data requirements and collection pro-
cedures, as well as the program
installation and operation procedures,
are in the user’s manual, which is avail-
able on the Web Site listed above. The
key issues are summarized below:

The model requires an estimate of the
formative discharge (Q) for the chan-
nel; the Manning’s flow resistance
parameter (n) at the formative dis-
charge; the reach-average channel

sions should also
be documented, since the model cali-
bration procedure involves varying the
least certain model parameter to fit
model predictions to the existing
conditions.

The regime model is predicated upon
the idea that channel morphology is
related to the flows carried by the
stream, averaged over some suitably
long time scale (see Eaton et al. 2004).
Gravel streambeds only ever mobilize
their bed material during periods of
relatively high flow. The bankfull flow
(which is the discharge that just fills
the channel up to the level of the
floodplain surface) is the best repre-
sentative of the formative discharge
for two reasons: flows less than
bankfull are not capable of doing
much geomorphic work, and flows
greater than bankfull spill out onto the
floodplain, contributing little to the
flow acting directly upon the stream
channel. For streams that are gauged,
estimating the formative discharge is
relatively straightforward. In Canada,
the Water Survey of Canada (WSC)
collects streamflow data for selected
streams, and estimates the peak flows
in each year of record. Since channel
morphology changes over relatively
long time periods, it is probably most
appropriate to use a 5- to 10-year
average of the peak discharge values
immediately before the period of inter-
est. When there are no stream
discharge measurements on the
stream of interest, it is sometimes pos-
sible to estimate the formative flows
using regional hydrology analyses. For
example, Eaton et al. (2002) present a
regional analysis of the peak flows for

British Columbia. In other cases, it is
necessary to estimate the bankfull flow
from the observed channel dimen-
sions, assuming a value for flow
resistance: a description of exactly
how this is done is presented in the
UBCRM user’s manual.

The flow resistance parameter, n,
relates the channel width (W), mean
water depth (d), and channel slope
(5), to the discharge (Q). The model
predictions are quite sensitive to the
value of n, so getting a reasonable
value is critical. Several references can
be used to estimate flow resistance.
For example, Cowan'’s (1956) method
is a useful approach, because it
attempts to attribute flow resistance to
various components of the river form.
His equation takes the form:

n=(n, +n +n, +ny +n)m

The parameters and typical values are
given in Table 1. This is a reasonable
technique to apply to large rivers (c.f.
Church 1992), provided the channel
gradient is not too high. However, it
tends to perform poorly in steep
mountain streams (Marcus et al.
1992). According to Chow (1959),
mountain streams with gravel-cobble
boundaries have Manning’s n values
that average 0.040 (ranging from
0.030 to 0.050). Mountain streams
with cobble-boulder boundaries have
higher Manning’s n values (mean of
0.050, ranging from 0.040 to 0.070).

The bankfull channel dimensions (i.e.,
the bankfull width, W, and depth, d),
as well as the reach average bed gradi-
ent (), can be estimated by surveying
the stream channel. In the field, the
bankfull stage must be carefully identi-
fied, and at least 10 channel
cross-sections should be surveyed to
determine the average values for W
and d. S can be estimated from a lon-
gitudinal profile along the channel
centreline that plots elevation against
distance along the channel: typically, it
is reasonable to fit a linear regression
to the data and use the regression
coefficient as an estimate of S.

Accurate information on the surface
texture is also required to run the
model. The median grain size (Dsy) is
used to estimate the sediment trans-
port rate, and the 95th percentile of
the grain size distribution (i.e., the Dy;s)
Continued on page 30

Streamline Watershed Management Bulletin Vol. 12/No. 1 Fall 2008

29
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is used to assess channel stability. The
best means of determining the surface
grain size distribution is by conducting
a surface Wolman sample, described in
the user’s manual. Samples should ide-
ally be taken on the coarsest part of
the bar heads in the
study reach: the intent is

the channel bank associated with
deposition of bed material, generally
as channel bars, and an upper stratum
of finer, overbank deposits reinforced
by riparian vegetation root systems.
Where this general sedimentological

Table 1. Cowan’s (1956) method for estimating Manning’s n

to characterize the bed PR EET Values
texture along the .

thalweg of the stream Sediment type, n,

channel. Earth 0.020
Unfortunately, we can Rock cut 0.025
only draw on limited Fine gravel 0.024
work to accurately esti- Coarse gravel 0.028

mate the bank strength
as a function of charac-

Degree of cross-section irregularity, n;

teristics that can be S”"°°th 0.000
measured in the field. Minor 0.005
The bank stability analy- phaModerate 0.010
sis used herein invokes a Severe 0.020
characteristic riparian Downstream variations in cross-section shape, n,

rooting depth, H, which
produces a vertical upper

(e.g., thalweg shifts from side to side)

bank section, above a Gradual 0.000
cohesionless gravel toe Alternating occasionally 0.005
(Eaton 2006). An analysis Alternating frequently 0.010-0.015
of Hey and Thorne's . .

(1986) data, in which Relative effect of obstructions, n3

channels are classified by ~ (€:9- 10gs, boulders)

riparian vegetation type, Negligible 0.000
indicates that the value Minor 0.010-0.015
of H varies systematically Appreciable 0.020-0.050
with the density of vege- Severe 0.040-0.060
tation on the floodplain. )

For type I, channels in Vegetation, n*

their data set (grass, no Low 0.005-0.010
trees or shrubs), Medium 0.010-0.025
H=10.36 m; for type Il High 0.025-0.050
channels (1 -5% shrub or Very high 0.050-0.100
tree cover), H=0.53 m;

for type Ill channels Degree of meandering, ms

(>5-50% shrub or tree Minor (sinuosity 1.0-1.2) 1.00
cover), H=0.89 m; and Appreciable (sinuosity 1.2-1.5) 1.15

for type IV channels Severe (sinuosity > 1.5) 1.30

(>50% tree or shrub

cover), H=1.07 m. This approach is
equivalent to invoking an effective
root cohesion term, which Eaton
(2006) demonstrates is consistent with
studies of debris slides (Buchanan and
Savigny 1990). As long as the sur-
veyed cross-sections are sufficiently
detailed, it should be possible to esti-
mate a reach-average value for H from
them to confirm the choice of H used
in the model. Note that this approach
applies only to gravel streambeds hav-
ing a coarse, gravelly lower stratum in

model does not apply, H should not be

used to parameterize bank strength.
Other bank strength approaches have
been developed (see references on the
UBCRM Webpage), but are not used
for the sensitivity analysis presented
herein.

Once the input parameters have been
determined, the model is run and the
results compared with the known
channel dimensions. If there are signif-
icant differences between the model
predictions and the observed channel

dimensions, then the input parameters
are re-evaluated and adjusted where
appropriate, based on consideration of
the field observations. Even if the
model predictions agree well with the
observed conditions, we recommend
varying the inputs to determine how
sensitive the model predictions are to
the selected values. After the model
has been successfully calibrated, it can
be used to evaluate channel response
to changes in the governing condi-
tions due, for example, to land use
changes, natural disturbance in the
watershed, or direct human modifica-
tion of the stream channel.

Calibration of the model to Fishtrap
Creek involved setting Q = 7.4 m®/s
(which, based on the WSC data for
Fishtrap Creek, is the mean annual
daily peak flow), $=0.019 m/m
(based on the channel survey),

n = 0.06 (back-calculated from a direct
field measurement of the bankfull
flow), Dsp= 40 mm, and

Dys = 181 mm (from Wolman samples
taken in the field). Notably, the esti-
mate of slope, S, does not include the
steep sections associated with drops
over individual logs in the stream or
over larger log jams. The bank
strength parameter, H, was varied until
the predicted and observed channel
dimensions matched: the calibrated H
value was 0.50 m, which is consistent
with the observed rooting depth of
the (now dead) trees on the
floodplain. The predicted width for
these governing conditions is 9.3 m,
which compares favourably with the
measured value of 9.5 m.
Sensitivity Analysis

The long-term average discharge car-
ried by a stream can vary with climate
indicators such as the Pacific Decadal
Oscillation index (Moore 1996), or in
response to long-term climate change.
The formative flow can also vary due
to changes in land use and/or forest
cover within a basin. At Fishtrap Creek,
the post-fire flows have been very
close to the long-term average: how-
ever, some evidence indicates that
runoff production may have been
desynchronized within the basin,
resulting in a decrease in the peak
flows. Alternatively, the disturbance of
the forest may have resulted in an
increase in the seasonal snowpack and
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an increase in the rate of melt, which
could produce higher peak flows. Our
sensitivity analysis assumes that peak
flows could either increase or decrease
by a maximum 50%. This range is
generous and any real changes are
almost certain to fall within this range.
The analysis was relatively straightfor-
ward: keeping all other input
parameters the same, the stream dis-
charge was varied and the change in
the predicted channel dimensions and
sediment transport capacity were
documented.

The results of the analysis are pre-
sented in Figure 1A. The discharge
values used in the sensitivity analysis
have been normalized by the original
value (Q,), such that the x variate
(Q/Q,) ranges from 0.5 to 1.5. The
normalized widths (W/W,), depths
(d/d,), and sediment transport capaci-
ties (Qu/Qpo) associated with each run
are plotted against Q/Q,. The original
channel configuration is indicated on
the figure by the dashed lines that
cross at the centre of the figure.
Despite the large range of discharge
values tested, the channel dimensions
do not change by much. The depth
changes by a maximum of about

+ 10%, while the width varies by
about + 30%. The sediment transport
capacity varies almost linearly with the
discharge, and has a range of about
+ 60%. However, a change in trans-
port capacity will likely produce a
change in bed sediment texture
(Dietrich et al. 1989; Buffington and
Montgomery 1999), which could be
sufficient to reduce the transport
capacity to its original value (i.e., to
Quo) (see Eaton and Church 2008).
Therefore, it is possible that the chan-
nel could remain relatively stable even
with fairly large changes in Q.

A similar analysis of the channel sensi-
tivity was conducted considering the
typical large woody debris (LWD)
loads in the stream (Figure 1B). It has
been assumed that accelerated bank
erosion and windthrow of dead ripar-
ian trees could initially increase the
volume of LWD in the stream, but that
accelerated decay of the burned pieces
and a long-term reduction of LWD
input as the forest canopy regrows
would likely reduce the volume of
LWD in the stream several decades
after the fire. The effect of LWD is to

A)

MNormalized Response
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Figure 1. Stability analysis of Fishtrap Creek
using the UBCRM. A) The effect of varying the
formative discharge (Q) on the width (W),
depth (d), and sediment transport capacity
(Q,), relative to the original values (W,, d,,
Q,.)- B) The effect of varying the reach-
average effective slope (S). C) The effect of
varying the bank strength, expressed as a
characteristic rooting depth for riparian
vegetation (H).

trap and store sediment and to dissi-
pate energy at vertical drops or steps,
the largest of which are associated
with jams comprising numerous indi-
vidual LWD pieces. Adding LWD to the
stream effectively removes from the
system some of the potential energy
with which to transport sediment and
to maintain the channel morphology,
while removing LWD increases the
available potential energy. This has
been modeled by adjusting the reach
average slope, since this represents the
total potential energy available. Cur-

rently, the existing LWD in the study
reach dissipates about 3.0 m of poten-
tial drop: removing all the LWD would
increase the effective slope from 0.02
to 0.03 m/m. It was also assumed that
post-fire inputs of LWD could double
the volume of instream LWD, reducing
the effective slope to 0.01 m/m, giv-
ing a total range for the sensitivity
analysis of 0.01-0.03 m/m.

The predicted channel geometry
(W/W, and d/d,) is nearly constant
over that range of slopes, but the rela-
tive transport capacity varies
non-linearly with normalized slope.
Over the range of slopes analyzed, it
increases approximately with the
square of §/S,. It seems very likely,
then, that changes in LWD loading
could produce changes in the trans-
port capacity that could not be
accommodated by changes in the bed
surface texture. Furthermore, the
expected temporal pattern—involving
an initial increase in LWD volumes as
banks erode and dead trees are blown
over, followed by a gradual but persis-
tent decline in in-stream LWD volumes
as LWD decays without being replaced
by the immature forest canopy—will
push the system one way (i.e., towards
aggradation, overbank flooding, and
possibly channel avulsions), and then
the other (i.e., towards vertical inci-
sion, abandonment of secondary
channels on the floodplain, and ero-
sion of sediment stored in the stream
channel). The effects of distur-
bance-driven changes in LWD supply
to the stream channel are probably
long lived, and effects may persist for
many decades after the initial
disturbance.

The final sensitivity test was conducted
on the bank strength. The model cali-
bration suggests that the initial
channel morphology is consistent with
a characteristic rooting depth of about
50 cm, which is also consistent with
observations of the root structure
exposed by bank erosion at the study
site. However, it is assumed that much
of the bank strength due to root cohe-
sion would be lost as the dead root
systems decay, returning only when
the density and rooting depth of live
riparian vegetation become significant.
Benda and Dunne (1997) present a
model for investigating the rate at
which root strength is lost following a
Continued on page 32
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forest fire, which has been used here
to model both the range and the tim-
ing of changes in bank strength. After
calibrating it to our estimate of the ini-
tial bank strength, their model predicts
that 5 or 6 years after the fire, H will
fall as low as 0.10 m (Figure 2). Their
model also predicts that substantial
recovery is likely to occur by about 20
years after the initial disturbance.
Accordingly, H could decline from 0.5
to 0.1 m, with the further understand-
ing that the most dramatic loss of
bank strength is likely to occur in the
first decade following the fire, fol-
lowed by a more gradual recovery.

The results of the sensitivity analysis
(see Figure 1C) demonstrate that both
the channel geometry and the trans-
port capacity could be significantly
altered. The predicted channel width
for H= 0.1 m is more than twice the
original value, while the transport
capacity is just over half the original
value. Furthermore, the
width-to-depth ratio for this predicted
channel state is about 57, which is
higher than that usually associated
with stable, meandering streams and
suggests that the channel could
become braided (Fredsoe 1978).

If loss of bank strength results in signif-
icant lateral erosion, then that could
dramatically increase the LWD vol-
umes in the stream, reducing the
effective slope and thereby reducing
the sediment transport capacity of the
system even further. This sequence of
events would produce a laterally
unstable, aggrading system, even if
the sediment supply from the
hillslopes remained unchanged. Any
increase in sediment supply due, for
example, to debris flows from the
burned hillslopes is likely to occur in
the same window as is the loss of bank
strength, and it would only exagger-
ate the morphologic instability caused
by changes to the boundary condi-
tions (i.e., root cohesion and instream
LWD volumes). Since most of the
steep, landslide-prone terrain is imme-
diately adjacent to the channel
network in Fishtrap Creek (and in
many other mountainous watersheds),
any significant delay in landslide
occurrence and increase in sediment
supply to the stream channel are
unlikely. The effect of potential

increases in peak flows could offset
these changes by increasing the sedi-
ment transport rate and reducing the
rate of aggradation. However,
increased peak flows would be more
likely to erode the weakened banks, so
the net effect of increased peak flows

1.0
A
0.8 ||

0.6 ||

0.4

Relative roct strength

—Root Decay
Root Regrowth

0.2 \ \

0.0 —
0 5 10 15 20 25 30
Time since fire (years)

Met bank strength, H, (m)

0 5 10 15 20 25 30
Time since fire (years)

Figure 2. Estimated changes in bank strength
over time. A) The predicted relative decline in
root strength for dead root systems as they
decay and the increase in root strength as
vegetation regrows using Benda and Dunne’s
(1997) model. B) The combined effects of
decay and regrowth on the vegetation-related
component of bank strength for Fishtrap
Creek.

is uncertain. If peak flows were to
decrease due to desynchronization of
snowmelt in the basin, the transport
capacity of the system would be
reduced, but bank erosion might still
occur. For example, judging from the
trees along the banks, Fishtrap Creek
had been stable for several decades
before the fire, but bank erosion was
pervasive at flows no larger than the
mean annual peak flow after the fire.

Summary

Our sensitivity analysis indicates that
aggradation and widening are likely to
occur following a fire: there is field evi-
dence for both aggradation and
widening at Fishtrap Creek since the
McLure forest fire in 2003. The analy-
sis predicts that this instability can be
triggered merely by loss of bank
strength and increases in the LWD

loading for streams where the riparian
area is severely burned. While
increases in sediment supply from the
hillslopes have not yet been detected
at Fishtrap Creek, such increases are
likely to exacerbate the level of chan-
nel instability. Changes in peak flow
are predicted to be second-order
effects, since increases could acceler-
ate channel widening and thereby
contribute to aggradation, while peak
flow decreases could directly contrib-
ute to aggradation by reducing the
sediment transport capacity of the
stream. The period of lateral instability
and aggradation that is likely to follow
a major fire is predicted to persist for a
decade or two, after which substantial
root cohesion is likely to return. This
would stabilize both the banks and the
hillslopes, reduce the channel width,
increase the transport capacity, and
reduce the frequency (or probability)
of debris flow.

The channel is likely then to drift back
towards a stable, single-thread chan-
nel. However, as LWD jams and steps
decay, more potential energy will
become available to transport sedi-
ment and modify the channel
boundary. While coarsening of the
channel bed and development of sur-
face structures (Church et al. 1998)
may prevent detectable channel deg-
radation for a time, the continued loss
of instream LWD could produce verti-
cal instability wherein the channel
degrades and ultimately becomes dis-
connected from its floodplain. These
sorts of changes are likely to occur
after significant decay of the LWD in
the channel has occurred but before
the riparian vegetation has matured
enough to supply appropriate volumes
of large, durable LWD to the stream
channel. If such instability does mani-
fest itself at Fishtrap Creek, it will do so
many decades after the initial
disturbance.

For more information, contact:
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University of British Columbia
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