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Abstract

Sediment transport rates were estimated for two flood events on the cobble-bed Sainte Marguerite River in the Saguenay
region, Canada. Morphologic methods were used to derive one set of estimates, and a combination of the Meyer-Peter and

Ž w Ž . x.Muller equation with a dimensionless sediment transport ratio after Dietrich et al. Nature 340 1989 215 was used to
Žderive another set of estimates. Both sets of estimates give consistent results for the first event which had a decade-scale

. Ž .return period , and for the second event which was the largest flood on record and had a century-scale return period . The
transport occurring during the second event was an order of magnitude greater than that occurring during the first event:
despite this disparity in the transport intensity of the two events, the channel morphology remained qualitatively similar. The
observed degree of channel stability is attributed to a change of channel pattern and the initiation of bed degradation
following channel rectification in the 1960s. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The literature pertaining to the geomorphic im-
pacts of rare flood events is, by definition, sparse.
Given the nature of such events, the data are usually
insufficient to accurately quantify the geomorphic
impacts because there is little pre-flood information.
Assessment of channel pattern changes from air pho-

Žtos is a common practice Desloges and Church,
.1992 , as is reliance upon previously existing cross-

Ž .sectional information Ritter, 1974; Miller, 1990 .
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However, these techniques are often inadequate to
determine the vertical component of change, the
extent and precise pattern of planform adjustment, or
changes in the bed sediment caliber. That such data
is often the best available information on rare floods
is due to the practical impossibility of designing a
research program to study them: nature simply does
not provide high return period floods at predictable
intervals.

From the data available, however, several typical
geomorphic responses to large floods are consis-
tently reported. The most obvious adjustment is a
widening of the channel, often by two- or threefold.
Such widening is often observed in arid andror
alpine environments, where there is sparse riparian

Ž .vegetation Huckleberry, 1994; Warburton, 1994 .

0169-555Xr01r$ - see front matter q 2001 Elsevier Science B.V. All rights reserved.
Ž .PII: S0169-555X 01 00056-3



( )B.C. Eaton, M.F. LapointerGeomorphology 40 2001 291–309292

This widening is often associated with a change in
channel pattern from a single thread meander to a

Žbraided channel Desloges and Church, 1992; War-
.burton, 1994 . Less extreme adjustments may also

occur during large floods, but go undetected for lack
of adequate pre-flood data. The morphologic re-
sponse of stream channels to large floods involve
larger-than-average volumes of sediment transport.
Arguably the most appropriate variable for charac-

Žterizing the size of a rare event when discussing
.morphologic change is the total bed material trans-

port occurring during that event, rather than the peak
discharge or total volume of flood-related runoff.

Many sediment transport equations based on shear
stress or some equivalent measure of fluid force
exist, though a generally applicable equation has not

Žyet been developed Gomez and Church, 1989; Reid
.and Frostick, 1994 . These are easily used to recon-

struct sediment transport rates during large floods,
but their poor performance when applied to data sets
not used for development of the predictive relation
Ž .Gomez and Church, 1989 makes the resulting
transport estimates suspect. Alternatively, event-scale
transport rates may be calculated from net changes in

Žsediment storage within the channel Popov, 1962;
Hubbel, 1964; Neill, 1971, 1987; Carson and Grif-
fiths, 1989; Lane et al., 1995; Martin and Church,
1995; Ashmore and Church, 1998; Ham and Church,

.2000 . This alternate approach has been called the
Ž .AmorphologicB or AinverseB method for estimating

bed material transport; it requires that detailed topo-
graphic information is available prior to and follow-
ing the flood event, which is not usually the case.

By definition, morphologic methods are limited to
estimates of the transport of the bed material fraction
only; sediment in transport that does not interact
with the bed cannot be assessed using this approach.
Furthermore, these methods yield minimum esti-
mates of bed material flux, because neither the net
throughput of sediment nor the volume of compen-

Žsating scour and fill at the same location hence
.resulting in no net bed change , can be estimated,

Ž .without additional data Ashmore and Church, 1998 .
Sediment throughput can be accounted for when
mobile bed sediments have been directly sampled, or

Žwhen local throughput is known to be zero down-
.stream of a lake or dam, for example . Scour and

compensating fill can be accounted for when ancil-

lary information is available, such as that obtained
Žusing scour chains see Hassan, 1990; Haschen-

.burger and Church, 1998 .
Ž .The objectives of this study are to: i estimate

sediment transport during two flood events using
morphologic methods and a combination of the
Meyer-Peter and Muller equation with a dimension-

Žless sediment transport ratio after Dietrich et al.,
. Ž .1989 , and ii determine the morphologic response

to the two flood events.

2. Study area

The study reach is in the upper part of the Sainte
Marguerite River, a cobble-bed river in the Saguenay
region of Quebec. The drainage basin area upstream
of the reach is 285 km2. The study reach is part of an
8-km section of the Sainte Marguerite River that was
rectified in the early 1960s during construction of
Highway 172; all of the natural meanders were
bypassed by man-made channels cut through the
neck of the meanders. As a result, channel sinuosity
decreased from 1.9 prior to channelization to 1.2
following it. Assuming that the vertical drop over the
rectified section of channel was initially unchanged,
this produced nearly a 50% increase in the channel
gradient after rectification. Recent work has shown
that, over the past 4 decades there has been 0.5–1.0
m of bed degradation in the vicinity of the study

Žreach as a result of this rectification Talbot and
.Lapointe, in reviewra,b . While some parts of the

rectified section of Sainte Marguerite River have
undergone rapid and extensive planimetric changes
in an attempt to reestablish a higher sinuosity, a
comparison of the extant study reach morphology
with that evident on aerial photos taken immediately
after rectification reveals that the study site has not
undergone significant lateral adjustment since rectifi-
cation, and that the location of the primary morpho-

Ž .logic elements has not changed Eaton, 1996 , de-
spite significant bed degradation.

Fig. 1 shows the study reach and its upstream
extension, indicating the location of the channel bars
and other key features of the reach. While a sinuous
meander has grown since rectification just upstream,
the study reach is relatively straight, encompassing
two lateral bars and the head of a third lateral bar.
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Fig. 1. Study reach within the channelized section of the Sainte Marguerite River in the Saguenay region of Quebec, Canada. Meander
rectification occurred during construction of Highway 178 in the 1960s. The riprap bank protection shown was installed in 1993.

Fig. 2. Grain size distributions for the bed surface and the underlying bed material are presented for bars 1 and 2. Samples were taken
following both the 7- and 275-year flood events. Sample locations are shown in Fig. 4.
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Ž .The cutbank opposite the upstream-most bar bar 1
was protected in 1993 by riprap up to about 1 m in
diameter. The meanders immediately upstream of the
reach are associated with two complex point bars,
which store large amounts of sediment. The cutbanks
of these bars have also been protected with riprap,
and a bank segment is naturally armored by large
clasts input by an ancient landslide.

The reach is 352 m long, has a cobble-gravel bed
with a thalweg gradient of 0.0028 mrm, and is 38 m

Ž .wide at bankfull , on average. Bulk samples of the
Žsurface grain size distribution at the bar heads repre-

senting the coarsest bed material actively trans-
.ported are presented in Fig. 2. These samples give

an average D of 55 mm and an average D of50 90
Ž115 mm sample size was approximately 125 kg,

giving a precision for the size percentiles between
.1% and 2%, after Church et al., 1987 . The mean

annual peak daily discharge at the study reach is
estimated to be about 90 m3 sy1.

3. Flood conditions in 1996

There is no historical flood record on the main-
stem of the Sainte Marguerite River with which to
recreate the flow conditions at the study site during
the flood events on May 16, 1996 or July 20, 1996.
However, the maximum water elevation on May 16,

Ž .1996 the peak of the freshet was observed and
recorded in the field at the upstream boundary. Also,
an apparent high water line on a sandy bank near the
downstream boundary was recorded on May 27,
1996 following recession of the flood, which was
consistent with the upstream high water level and the
water surface slope surveyed in the field at a flow
roughly 1r3 of the estimated mean annual maximum

Ž 3 y1. Žflow 36 m s . On July 22, 1996 2 days after the
.275-year peak flow , maximum stage indicators were

observed and recorded at the upstream boundary; no
markers were evident near the downstream reach
boundary. Given this information, average hydraulic
radii were calculated for both the events and slope-
area estimates of the flood discharges were com-
puted. Manning’s equation was used to produce esti-
mates of the average velocity based on the water
surface slope data, and applied over the reach aver-
age cross-sectional area to produce a discharge es-

Table 1
Estimated flow conditions for 1996 flood peaks at the study site

Parameter May 16, 1996 July 20, 1996
flood event flood event

3 y1Ž .Discharge m s 143"29 246"46
Estimated return 5.6–7.9 168–398

Ž .period yr
Reach mean shear 45"7 61"8

y2Ž .stress N m
Reach mean stream 104"41 178"69

y2Ž .power W m

timate. Manning’s n estimates were based on
grain size data at the bar heads using Strickler’s law.
The resulting discharge estimates are presented in
Table 1.

Flow during the smaller event on May 16, 1996
was primarily confined within the channel, though
overbank flooding did occur several kilometers
downstream where the river was not so deeply in-
cised. The river stage exceeded the bank top during
the larger event on July 20, 1996; however, accurate
estimates of the overbank discharge were not possi-

Ž .ble, because i the precise flood water elevation was
evident only near the upstream end of the reach, not

Ž .throughout the reach, and ii the dense vegetation on
the flood plain make estimating appropriate values of
Manning’s n difficult. Peak discharge estimates in
Table 1 do not account for any flow occurring
outside the channel on the flood plain during the July
20, 1996 event. Note, however, that the overbank
flooding did not do any geomorphic work, except for
local erosion of unvegetated road surfaces, and can
therefore be ignored for the purposes of this analysis:
that is, the discharges in Table 1 are effective dis-
charges.

The return period of these two events was esti-
mated based on the records from a gauge that has
been in operation since 1974 on the North East
Branch of Sainte Marguerite River. The gauge is
located near the confluence with the mainstem, which
is downstream of the study reach. The drainage area
of the North East Branch is physiographically repre-
sentative of the drainage area upstream of the study
reach; and was subject to the same hydrologic condi-
tions that generated both flood events. The first flood

Ž 3 y1.event peak Qs143 m s occurred during the
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snowmelt-fed spring freshet; it peaked on May 16,
1996, and had an estimated return period of about 7

Ž . Ž 3years Table 1 . The second flood peak Qs246 m
y1 .s event was triggered by exceptional frontal pre-

cipitation on July 20, 1996; it was the largest flood
in a 22-year record, and had a return period of about

Ž .275 year Table 1 .
Reach-average shear stress and stream power

within the bankfull channel were estimated using the
usual one-dimensional uniform flow approximations:

t sr gRS 1Ž .o w

vsr gQS rw 2Ž .w

Ž y2 .where t is the reach-average shear stress N m ,o
Ž y3 .r is the density of water kg m , g is the accelera-

Ž y2 .tion of gravity m s , R is the hydraulic radius
Ž . Ž .m , S is the water surface slope mrm , v is thew

Ž y2 .average specific stream power W m and w is the
Ž .water surface width m corresponding to the dis-

Ž 3 y1.charge, Q m s . These estimates are presented in
Table 1.

The errors presented in Table 1 were derived
based on the uncertainty of the estimates of hy-
draulic radius, water surface slope, cross-sectional
area and Manning’s n. Uncertainties in peak stage
estimates were negligible compared to the other
sources of error in the slope-area calculations. Since
entry and exit cross-sectional areas were approxi-
mately equal, no velocity head correction was made
and the energy slope was assumed to be identical to
the water surface slope.

4. Methods

4.1. Digital eleÕation models of pre- and post-flood
channel

The reach morphology was surveyed three times
using a Total Station. These surveys bracket the two
flood events described above. The density of the
survey data varied from 1 point per 5 m2 to 1 point
per 9 m2, giving a mean point spacing of 2.1–3.0 m.
Within a given set of survey data points, point
spacing varied from -1 to about 5 m, depending on
the topographic complexity. Digital elevation models
with a grid cell size of 10 cm, and vertical resolution
of 1 cm were constructed for the three survey floods,

using an inverse-distance weighting procedure. Un-
certainties in the survey measurements were less
than 1 cm.

4.2. Transport estimates using morphologic methods

The amount of bed material transported during
these two flood events was estimated using morpho-

Ž .logic methods because: i the short duration of the
spring snowmelt event, and regional road closures
due to flooding during the July 1996 event made it
very difficult to be present during the peaks of the

Ž .event; and ii bed material transport in cobble bed
streams is extremely difficult to measure accurately
at the event scale.

The first morphological method relies on estab-
lishing a sediment budget by integrating a general
statement of continuity of mass across the channel,
yielding a one-dimensional finite difference equation

Žfor changes along the channel Ashmore and Church,
.1998 :

1yp DVq Q yQ D ts0 3Ž . Ž . Ž .bo bi

where p is the porosity; DV is net volumetric change
Ž 3.m in storage of sediment within a given zone,
ŽDVsV yV where V is the volumetric sedimenti o i

input to the zone and V is the volumetric sedimento
.output from it ; Q is the cross-sectional volumetricb

Ž 3 y1. Žsediment transport rate m s Q is the transportbi

rate at the upstream boundary of the reach and Qbo
.is the transport rate at the downstream boundary ;

and D t is the event duration. These estimates were
then transformed to estimates of the bulk transport

Žrate by assuming a porosity of 0.29 after Carling
.and Reader, 1982 and a constant particle density of

2650 kg my3 : this corresponds to a bulk density of
1890 kg my3 for the bed material. The bulk trans-

Ž . y1port rate per unit width i is reported in kg mb
y1 Ž .event and the total bulk transport rate I isb

reported in kg eventy1.
Ž .Eq. 3 can be used to calculate the change in

sediment transport within a reach based on storage
Ž .changes Ashmore and Church, 1998 , given an in-

put or output sediment transport rate. In the absence
of such direct measurements, a zero transport condi-
tion must be assumed at a given point, the validity of
which can be assessed based on comparisons with
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Ž .other methods e.g., Goff and Ashmore, 1994 . Any
component that is carried through the reach without
interacting with the morphology is not recorded.

Ž .Volumetric sediment transport Q into and out ofb

each segment was calculated by specifying a zero
transport condition at an arbitrary location such that

Ž .no negative and physically impossible transport
rates result. This assumption is necessary because no
input or output sediment transport rate was available
nor was any physically based zero transport location;
this approach is reasonable, and has several prece-

Ždents in the literature Martin and Church, 1995;
.Wathen and Hoey, 1998; Ham and Church, 2000 .

By applying this method to 14 zones in the study
reach—which are shown in Fig. 3—both a reach-

average I and a peak within-reach I have beenb b

calculated for both flood events.
Other morphologic methods used to estimate Ib

during these two events are based on the step length
Žfor gravel transport Neill, 1971, 1987; Carson and

Griffiths, 1989; Goff and Ashmore, 1994; Lane et
.al., 1995; Ashmore and Church, 1998 . The most

intuitive method of calculating i is by identifying ab

discrete zone of erosion and pairing it to a zone of
Ž .deposition downstream Ashmore and Church, 1998 .

Transport rates calculated using this paired ero-
sionrdeposition method apply only to the bed be-
tween corresponding erosion and deposition zones,
and represent peak within-reach values of i , notb

reach-average values.

Fig. 3. Channel zones used in the sediment budget. Individual zone areas are indicated, as are the net changes in volume of stored sediment
resulting from the 7- and 275-year flood events. Changes in stored volume are expressed in m3 and in cmrm2. Net deposition is indicated

Ž . Ž .by q and net erosion by y .
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A more general method using the step length
involves applying a typical step length to the total
erosion measured within the reach. The equation
summarizing this total erosion method, as presented

Ž .in Ashmore and Church 1998 , is

I sr V L rL rt 4Ž . Ž .b s e s r

Žwhere I is the bulk sediment transport rate kgb
y1 . Žs , r is the bulk density of gravel taken to bes

y3 .1890 kg m , V is the total volume of erosione
Ž 3. Ž .m , L is the step length m , L is the length ofs r

Ž .the reach m over which V was determined, and te

is the event duration. Step length was estimated from
the distance between the centroids of erosion and
deposition for erosionrdeposition pairs in the main
channel. Because no convincing pairs of erosion and
deposition were identified for the 275-year event, a
functional relation between excess stream power and
the virtual transport rate in a wide range of fluvial

Ž .environments presented by Hassan et al. 1992 was
used to estimate step length for this event.

The precision with which net changes in stored
sediment can be determined is a function of the
density of the survey data, the lateral and vertical
extent of the net erosion or deposition, and the
complexity of the channel morphology. Based on

Žpaired zones of erosion and deposition discussed in
.Section 5.2 , there is typically on the order of about

4% uncertainty in erosion and deposition volume
estimates. Uncertainty in bulk density derives pri-

Žmarily from variations in porosity Carling and
.Reader, 1982 , not from variations in particle den-

sity: it is conservatively estimated to be on the order
of "17%, based on the range of porosity values

Ž .reported by Graton and Fraser 1935 . Provided that
all the assumptions made in generating the morpho-
logic method sediment transport estimates above are
true, the uncertainty in the estimates of I is likelyb

on the order of 18%, and is primarily a function of
uncertainty in the bulk density. In reality, the pri-
mary source of uncertainty in these estimates likely
derives from the necessary assumptions, particularly
regarding the absence of sediment throughput and
compensating scour and fill; there is no obvious way
to quantify uncertainty deriving from these assump-
tions.

4.3. Transport estimates using the dimensionless sed-
( ) )iment transport ratio q

Another set of transport rate estimates was made
based on fluid force and the estimated degree of
sediment supply limitation. A dimensionless sedi-

Ž ) .ment transport ratio q —based on the observed
Ždegree of bed armoring within the reach after Diet-

.rich et al., 1989 —has been combined with estimates
Ž X .of potential sediment transport rate I . Thus:b

I s q) I X 5Ž . Ž . Ž .b b

Ž X .where potential sediment transport rate I is theb

sediment transport that would occur if transport were
not limited by sediment supply. I X was estimated viab

the Meyer-Peter and Muller equation, using as the
characteristic sediment size the D of the subsur-50

face material, which reflects the bed material load.
ŽBed textures were relatively uniform except very

.close to the banks along section A–A’ and were
assumed to correspond to those at the head of bar 1
Ž .D s39 mm, see Fig. 2 . The Meyer-Peter and50

Muller equation was initially developed based on
flume experiments, and has been used for steep

Žcobble and gravel bed streams e.g., Church et al.,
.1998 .

Rather than applying the Meyer-Peter and Muller
equation to cross-sectional average flow conditions
—which would not necessarily reflect the cross-sec-
tional average transport, due the potentially limited

Žspatial extent of gravel transport on the bed Carson
.and Griffiths, 1987 —the potential sediment trans-

port per unit of channel width, iX was estimatedb

based on local flow conditions. Shear stress was
estimated at 1-m increments across the channel at

X Ž .cross-section A–A Fig. 4 , using the approxima-
tion:

t sr gY Sw 6Ž .o i

where Y is the local water depth at the ith point oni
Ž .the cross-section m . This first approximation is

reasonable for straight, wide channels with gradually
varying depths across the section and with uniform

X Žflow downstream. Cross-section A–A width:depth
.ratios38 fits these conditions better than other

possible cross-sections in the reach. It also remained
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Fig. 4. Digital elevation models for the three surveys bracketing sediment transport events peaking on May 16, 1996, and July 20, 1996. The
extent of the bank protection is shown on the July 1995 DEM, as are contour labels. The datum of 0.0 m corresponds to an elevation of
125.9 m above mean sea level. The contour interval is 0.2 m.

relatively stable throughout the course of both floods,
in large part due to protection along the right bank
Ž .Fig. 1 . While there has been laterally extensive but
vertically limited net erosion on the face of bar 1
Ž .refer to Fig. 5, a map of net erosion and deposition ,
the dominant change here was infilling of the sec-
ondary channel during the 275-year event, presum-
ably during flood recession. Also, the best physical
indicators of the peak water levels for both flood
events were located just upstream of cross-section
A–AX, and water levels are known most accurately
here.

Ž .The shear stress field—t x , where x is theo

cross-channel position—was used to generate a po-
X Ž . y1tential sediment transport field i x , in kg mb

y1 X Ž .event . i x was then integrated across the chan-b

nel to yield the cross-sectional potential transport
Ž X y1.rate I in kg event . This lateral integrationb

Žprovides more accurate estimates Carson and Grif-
. Xfiths, 1987 and resolves the spatial distribution of ib

across the channel at A–AX.
The temporal changes in I X over the course of theb

extreme July 1996 flood of multi-day duration have
also been considered. The hydrograph for this event
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Fig. 5. Paired areas of net erosion and net deposition resulting from the 7-year flood event. The volumes of erosion and deposition are
provided for each pair in m3. The inferred sediment transport path between the pairs is shown, and each transport vector is labeled. All
information overlies the contours from the June 1996 DEM.

as recorded at the existing gauge on the North East
Branch was used to reconstruct a flood hydrograph

Ž .for the study reach Fig. 6 . Using the recorded daily
discharges, a hydrograph of discharge on the ith day
Ž .Q normalized by the mean annual maximum dailyi

Ž .discharge Q was generated for July 19–25, 19962
Ž .Fig. 6 . By equating the reconstructed peak dis-

Ž 3 y1.charge at the study reach 246 m s with the
Ž .normalized discharge Q rQ observed on July 20,i 2

Ž 3 y1.1996, discharge estimates in m s have been
generated for July 19–25, 1996. These estimates
where then used to reconstruct the cross-sectional

shear stress distribution at cross-section A–AX, using
ŽManning’s equation assuming a constant roughness

.value , the water surface elevation, and associated
hydraulic radius.

The observed peak water level on May 16, 1996,
X Ž . Xwas used to estimate the i x field at A–A. Theb

gauging station on the east branch of the Sainte
Marguerite was out of commission between May 13
and July 16, 1996, and a flood hydrograph for the
7-year event could not be reconstructed. However,

Žby using the calculated virtual transport rate after
.Hassan et al., 1992 and the known step length for
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Fig. 6. Flood hydrograph for July 19–25, 1996, at the hydrometric
gauge located on the North East Branch of the Sainte Marguerite
River. The daily discharge values have been normalized by the
mean annual maximum daily discharge, which is 268 m3 sy1 for
the North East Branch.

this event, transport is estimated to have persisted for
X X Ž .48 h. I was derived by integrating i x for Mayb b

16, 1996 across the channel, and assuming and event
duration of 2 days.

Ž ) .The dimensionless sediment transport ratio q
reflects the fact that streams develop increasingly
coarse surface layers in response to decreasing rates

Žof sediment supply for fixed increments of sediment
transport capacity based on the sub-pavement tex-

. Ž .ture . As evident in Eq. 5 , the dimensionless sedi-
ment transport ratio is simply the ratio of actual

Ž X .transport to the potential sediment transport I rI .b b
Ž .The equation presented in Dietrich et al. 1989 for

calculating q) based on the observed degree of bed
armoring under conditions of limited sediment sup-
ply is:

1.5
t Db 50s

ya ž /t Dcl 50 l
)q s 7Ž .t b

y1� 0
tcl

where t is the boundary shear stress imposed by ab
Ž y2 .given set of flow conditions N m , t is thecl

Žcritical shear stress for the subsurface or the bed
.load , a is a parameter equal to 1 for gravel with a

uniform bulk density, D is the median particle50s
Ž .size m of the surface, and D is the median50l

Ž . )particle size m of the subsurfacerbed load. A q
value close to 0 implies that there is no sediment

Ž .supply the bed is tending toward a static armor , and
a q) value near 1 implies that sediment transport is
equivalent to the sediment supply.

Reach sedimentology has been characterized by
Ž .bulk samples Church et al., 1987 of the bed mate-

Ž .rial and Wolman samples of the bed surface Fig. 2 .
The location of the sediment samples is shown in
Fig. 4. Bulk samples were about 200 kg; the esti-
mated precision for the size percentiles is between

Ž .1% and 2% Church et al., 1987 . Samples were
taken immediately after the 7-year flood event and
again after the 275-year event. The degree of armor-
ing produced by each flood event is known, and one
can infer the degree to which sediment transport

Žduring each event was supply limited Dietrich et al.,
.1989 .

To clarify the presentation of results and subse-
quent discussion, transport rates based on changes in
channel morphology are referred to using the nota-

Ž . Ž .tion i d x, d y, d z and I d x, d y, d z . Transportb b

rates based I X and q) are referred to using theb
Ž )

X .notation I q , I .b b

5. Results

5.1. Patterns of channel change

Maps of the reach morphology generated using
the digital elevation models for the three surveys are
presented in Fig. 4. The longitudinal profile follow-
ing the thalweg and two representative cross-sec-
tional profiles through bars 1 and 2 have been ex-
tracted from each digital elevation model and are
presented in Figs. 7 and 8. Fig. 7 presents the
longitudinal and cross-sectional profiles before and
after the 7-year flood event, and Fig. 8 presents the
profiles before and after the 275-year event.

The patterns of morphologic response to the 7-
and 275-year floods are clearly evident upon com-
parison of the bar morphology before and after each

Ž .flood event Fig. 4 . The morphologic response to
both flood events is qualitatively similar. Bar 1 has

Žprogressed downstream primarily during the 7-year
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Ž . Ž .Fig. 7. Longitudinal A and cross-sectional B and C profiles of the study reach before and after the 7-year flood event. The cross-section
locations are indicated in Fig. 4. The longitudinal profile follows the thalweg as shown on the July 1995 DEM. The reconstructed peak
water elevation is shown on all profiles.

. Žflood and towards the left bank during the 275-year

.flood . This bar has responded to sediment supplied
from upstream by growing downstream and filling in
the secondary channel behind the bar crest. It has not

Žadvanced towards the right bank which is the nor-
.mal pattern of bar growth because of the riprap

bank protection, which prevents the occurrence of
cutbank retreat necessary to accommodate lateral
accretion on the bar. Cross-section A–AX through bar
1 clearly illustrates the altered pattern of bar growth
Ž .Figs. 7B and 8B . In fact, sediment previously

Ž .deposited on the face of bar 1 towards the thalweg
was eroded during the 7-year flood. Bar 2 has ad-

Ž Xvanced towards the left bank cross-section B–B ,
.Figs. 7C and 8C . The left bank opposite bar 2 is

unprotected and has retreated, especially during the
275-year flood event. Bar 2 it has also migrated
downstream; while the downstream migration is most

pronounced in response to the 275-year flood, it is
also detectable in response to the 7-year flood along
the downstream edge of the bar.

Prior to the 7-year flood, a prominent diagonal
riffle existed between bar 1 and 2. This riffle de-
graded during both the 7- and 275-year floods as a
result of bar 2 moving down-channel with respect to

Žbar 1 Fig. 4, at 160 m, Fig. 7A, and at 180 m, Fig.
.8A . Normally, one would expect that—in the case

of migrating lateral bars—morphologic elements
would migrate downstream coherently. In this case,
the bank protection has accommodated some move-

Ž .ment of bar 1 downstream during the 7-year flood ,
but its position has subsequently become fixed. Bar 2
is not constrained by bank protection and has contin-
ued to migrate downstream, resulting in the degrada-
tion of the diagonal riffle between these two bars.
Downstream, a new riffle crest has developed be-
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Ž . Ž .Fig. 8. Longitudinal A and cross-sectional B and C profiles of the study reach before and after the 275-year flood event. The
cross-section locations are indicated in Fig. 4. The longitudinal profile follows the thalweg as shown on the July 1995 DEM. The
reconstructed peak water elevation is shown on all profiles.

Ž .tween the left bank and bar 2 at 230 m, Fig. 8A .
Ž .Both bar 2 and bar 3 Fig. 1 are unconstrained by

bank protection and have migrated downstream more
or less in unison, maintaining the diagonal riffle
between them.

The overall finding is that the pattern of morpho-
logic response between the two floods was qualita-
tively similar. Although the larger flood had multi-
centenary recurrence level and caused catastrophic

Žmorphologic change elsewhere in the region La-
.pointe et al., 1998 , the same types of adjustment

occurred during both flood events, albeit at different
rates.

5.2. Transport estimates based on morphologic
methods

Using net volumetric changes in sediment storage
calculated for 14 zones shown in Fig. 3, estimates of
peak within-reach transport rates and average trans-

port rates were calculated, they are presented in
Table 2. A zero transport condition was specified at
the upstream edge of zone 1 for the 7-year event and

Table 2
Sediment budget estimates of sediment transporta

bŽ . Ž .Event I d x, d y, d z i d x, d y, d z Zoneb b
y1 y1 y1w x w xkg event kg m event

Peak within-reach transport rate
7-year 560,000 15,000 14
275-year 800,000 21,000 2

AÕerage within-reach transport rate
7-year 210,000 5600
275-year 390,000 10,000

a Estimates are reported to two significant figures only, reflect-
ing the large uncertainties associated with all such estimates of
transport.

b Peak within-reach transport rate is at the upstream boundary
of this zone.
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at the upstream edge of zone 14 for the 275-year
event: transport rates in Table 2 are properly inter-
preted as a lower bound estimates.

Ž .Average I d x, d y, d z for the 7-year flood wasb
Žabout half that of the 275-year flood Table 2, bot-

. Ž .tom . However, peak I d x, d y, d z for both eventsb

differ only by a factor of 1.5. As will be shown in
Section 5.3, the expected difference based on fluid
force alone would be by a factor of 5; this suggests
that there was likely a large throughput component
during the 275-year event, thereby causing a signifi-

Ž .cant underestimation of I d x, d y, d z for the 275-b

year event.
Estimates of the sediment transport based on the

observed changes in morphology were also made for
the 7-year flood event using the paired erosionrde-
position zones approach: three paired erosionrde-
position zones were identified. The three pairs and
their inferred sediment transport vectors are shown
in Fig. 5. For transport vectors I and III, discrete
patches of net erosion or net deposition in close

Žproximity or destined for the same deposition loca-
.tion were treated as a single erosion or deposition

zone. The step length inferred for each pair, the
estimated width of the bed over which sediment
transport occurred, the volume of each individual
patch, and the bulk sediment transport rate are pre-
sented in the first three columns of Table 3. Only
transport vectors I and II represent transport occur-
ring near the thalweg. Vector III is associated with
the secondary channel behind bar 1. The values of
Ž .i d x, d y, d z calculated using the pairedb

erosionrdeposition approach for vectors I and II—
1.7=104 kg my1 eventy1 and 1.4=104 kg my1

y1 Ž .event Table 3 , respectively—are consistent with
the analogous peak within-reach estimates calculated
for the 7-year event using the sediment budget ap-

Ž 4 y1 y1. Ž .proach 1.5=10 kg m event Table 2 . This
suggests that the assumption of no net throughput is
valid for the 7-year event. Given that the step length
Ž .80 m is less than one quarter of the reach length
Ž .352 m , it is unlikely that bed material sediment
arriving at the upstream boundary was transported
past the downstream boundary during the 7-year
event. Although patterns of erosion and deposition
are similar for the 7- and 275-year floods, their
volumes cannot be successfully matched for the
275-year event. The step length for this event almost
certainly exceeded the reach length, so even if ero-
sionrdeposition pairs exist, our reach is too short to
permit identification.

The simplicity of the paired erosionrdeposition
zone approach is appealing, but not all identifiable
zones of erosionrdeposition can be paired, which
limits the applicability of this method. To generate
more widely applicable estimates, the total erosion

Ž Ž .. Žapproach Eq. 4 was also used to calculate I d x,b
.d y, d z . Step length was estimated for the 7-year

flood to be approximately 80 m, using the results
from the paired erosionrdeposition approach. For
the 275-year flood, a function relating the virtual

Žtransport rate which represents the ratio of the step
.length to the duration of transport to excess stream

Ž .power Hassan et al., 1992 was used to estimate
step length. Based on the reach average stream power
Ž .Table 1 , the virtual transport rate for the 275-year
flood was 5.5 m hy1 ; however, due to the large
uncertainty associated with the stream power esti-

Table 3
Sediment transport estimates based on step length

aŽ .Parameter Paired erosionrdeposition 7-year. event only Total erosion
bVector I Vector II Vector III 7-Year event 275-Year event

Ž .Step length m 82 86 64 80 542
Ž .Active channel width m 18 14 9 38 38

3Ž .Erosion m 148q12 102 34q10 770 1437
3Ž .Deposition m 168 107 38q7 NrA NrA

y1 y1Ž .i kg m event 17,000 14,000 9200 8,700 110,000b
y1Ž .I kg event 300,000 190,000 83,000 330,000 4,300,000b

aSee Fig. 5 for erosionrdeposition pairs.
b ŽThe step length for this event was calculated using a function relating the virtual rate of transport to excess stream power Hassan et al.,
. Ž .1992 , and assuming that transport persisted for 4 days per the analysis presented in Section 5.3 .
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Ž . XFig. 9. The potential sediment transport field assuming no pavement at cross-section A–A is shown for May 16, 1996, and July 20–23,
1996. The bed elevations for all three survey periods are also shown. Note that the most significant morphologic change at this cross-section
was the deposition occurring in the secondary channel along the left bank during the 275-year event.

mate, the virtual transport rate exhibits a wide range
Ž y1 .of values 1.88–10.8 m h . Given that sediment

transport is assumed to have occurred over 4 days
Ž .see Section 5.3 , the step length for the 275-year
event is an estimated 542 m. Total erosion estimates

Ž .of I d x, d y, d z are presented in the fourth columnb

of Table 3.
Ž .Reach average I d x, d y, d z was estimated tob

be 3.3=105 and 4.3=106 kg eventy1 for the 7-
and 275-year floods, respectively. The transport rate
for the 7-year event is close to the corresponding

Ž 5 y1.sediment budget estimate 2.1=10 kg event .
Ž 6The estimate for the 275-year flood 4.3=10 kg

y1 .event is fully an order of magnitude larger than
Ž 5the 275-year sediment budget estimate 3.9=10 kg

y1 .event , and than all the 7-year event estimates.
Even considering the range in the virtual transport
rate, it is likely that the discrepancy in 275-year
estimates reflects significant throughput of sediment
that introduces a large negative bias to the sediment
budget estimates.

5.3. Transport estimates using the dimensionless sed-
( ) )iment transport ratio q

Cross-sectional profiles at section A–AX from each
survey are overlain in Fig. 9. Also shown is the

Ž X .estimated potential bed material transport field ib

calculated at 1-m intervals across the channel at
cross-section A–AX using the Meyer-Peter and Muller
equation for May 16, 1996 and July 20–23, 1996.
The estimate of I X for the 7- and 275-year events areb

presented in Table 4. Using the sedimentological
data for bars 1, 2, and 3 and the reach-average shear
stress estimates presented in Table 1, q) was calcu-
lated for the 7- and 275-year peak flood conditions
Ž . )Table 5 . The values of q associated with the
7-year flood event indicate a relatively high rate of
sediment supply to bar 1 from the complex point

Ž .bars upstream Fig. 1 , despite the bank protection

Table 4
Potential sediment transport estimates based on flow conditions

XŽ .Date Potential sediment transport Ib

y1 y1 y1Ž . Ž . Ž .kg s kg day kg event

July 20, 1996 92 7,900,000
July 21, 1996 38 3,300,000
July 22, 1996 8.0 690,000
July 23, 1996 0.67 58,000 12,000,000

aMay 16, 1996 13 1,100,000 2,200,000

a While the event duration is unknown, the calculated virtual
y1 Ž .transport rate of 1.67 m h after Hassan et al., 1992 and the

known step length of 80 m implies an event duration of 48 h.
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Table 5
Dimensionless sediment transport ratio and associated sediment
transport estimates

X
)Ž .Event Dimensionless sediment transport I q , Ib b

) y1Ž . w xratio q kg event

Bar 1 Bar 2 Bar 3 Average

7-year 0.60 0.00 0.10 0.23 520,000
275-year 0.74 0.27 0.24 0.42 5,000,000

measures located there. For bar 2, q) is 0, reflecting
the characteristic step length of about 80 m for this
event and the restricted sediment supply to bar 2
from the riprap-protected cutbank upstream. The
value of q) increases at bar 3, reflecting the input of
sediment from the eroding bank opposite bar 2. The
values of q) associated with the 275-year event
reflect a similar trend. However, the higher flows
have mobilized more sediment—either due to bank
erosion or due to disruption of the armor layer—and
transported it further. As a result, sediment transport
is less supply limited during the 275-year event, but
is still less than that predicted by the fluid force

Ž )
X .alone that is q -1 and I - I .b b

By averaging q) over the reach and applying the
X Ž )

X .result to the I estimates, values for I q , I haveb b b

been calculated for the 7- and 275-year events. While
the duration of sediment transport during the 7-year
event is not known, observations by workers in the
field suggest that transport likely persisted for be-
tween 1 and 2 days. Using the calculated virtual

y1 Žtransport rate of 1.67 m h after Hassan et al.,
.1992 , and the known step length of 80 m, the

implied duration of transport is 48 h. Assuming a
Ž )

X .transport duration of 2 days, I q , I for theb b

7-year event was estimated to be 5.2=105 kg
y1 Ž .event . This agrees well with all I d x, d y, d zb

estimates, especially considering these are lower
bound estimates of the total bed material transport.

Ž )
X .The consistency of the I q , I estimates and theb b

Ž .I d x, d y, d z estimates for the 7-year event provideb

some confidence in the use of the q) and I X tob

calculate bed material transport rates.
Ž )

X .The value of I q , I for the 275-year event isb b
6 y1 Ž .about 5.0=10 kg event Table 5 , fully an order

of magnitude larger than all estimates for the 7-year
event. This closely matches the total erosion trans-

Ž 6 y1.port rate 4.3=10 kg event . The sediment bud-

get approach produces an average transport rate
of only 3.9=105 kg eventy1, and a peak estimate
that is not much higher, at 8.0=105 kg eventy1

Ž .Table 2 .

6. Discussion

All of the morphologic methods work well when
applied to the 7-year flood event. This is attributable

Ž .to i the accuracy of the DEMs used to identify net
Ž .erosion and deposition, and ii to the fact that the

step length is much less than the reach length, which
Ž .implies that little if any sediment throughput oc-

curred. As a consequence, all methods give similar,
and conceptually consistent results. Compensating
scour and fill has not be addressed, and—while the
effect of sediment throughput can be discounted for
this event—substantial uncertainty in the actual
transport rates for this event exist. However, we can
confidently establish a lower bound for the reach

Ž .average sediment transport I d x, d y, d z at 2.1=b

105 to 3.3=105 kg eventy1. Similarly, the peak
Ž .within reach sediment transport i d x, d y, d z isb

known to be at least 1.4=104 to 1.7=105 kg
eventy1.

Based on the fluid force, transport for the 7-year
6 y1 Ž X .event is estimated to be 2.2=10 kg event I .b

However, order of magnitude errors are common for
Žfluid force-based equations Gomez and Church,

.1989 , and we attribute much of the difference be-
X Ž .tween I and I d x, d y, d z to poor performance ofb b

the Meyer-Peter and Muller equation. When q) is
used to scale I X , the 7-year event sediment transportb
Ž X

) . 5 y1I I , q is estimated to be 5.2=10 kg event .b b
Ž .Given that I d x, d y, d z estimates are lowerb
Ž X

) .bounds, the I I , q transport rate correspondsb b
Ž X

) .very well. If we assume that I I , q representsb b

the actual transport, and that the difference between
Ž . Ž X

) .I d x, d y, d z and I I , q is entirely attributedb b b

to compensating scour and fill, then a volume of
Ž .undetected compensating scour and fill on the or-
der 60% of the net erosion volume must have oc-

Ž X
) .curred. This is possible, and suggests that I I , qb b

may closely represent the actual transport rate.
Ž .The good agreement between I d x, d y, d z andb

Ž X
) .I I , q estimates suggests that fluid force-basedb b
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equations—which to date have not been notably
successful in predicting sediment transport in rivers
other than those for which they were developed—
may be more generally applicable if the degree of
sediment supply limitation is also accounted for. If
this is in fact generally true, event-scale sediment
transport could be estimated relatively easily, requir-
ing only estimates of the flow conditions and the
degree of bed surface armoring. This is an interesting
topic that deserves further investigation.

Morphologic methods work less well for the 275-
year event. Step length for this event was at least as
large as the reach length, which introduces the prob-
lem of significant sediment throughput. As a result,
only the total erosion approach was successfully
implemented, and that required using the virtual

Ž .transport rate after Hassan et al., 1992 to estimate
Ž .step length. However, the I d x, d y, d z estimate ofb

4.3=106 kg eventy1 corresponds closely to the
Ž X

) . 6 y1I I , q rate of 5.0=10 kg event , which isb b
Žencouraging. While large uncertainties associated

primarily with the estimated virtual transport veloc-
.ity preclude any definitive conclusions about the

relative performance of these two sediment transport
estimation methodologies, the results support the
interpretations of the 7-year event estimates, and
clearly indicate that transport rates during the 275-
year event were an order of magnitude higher than
those during the 7-year event.

Given this disparity in sediment transport rates,
why did qualitatively similar patterns of channel
adjustment persist in the face of such disparate trans-
port magnitudes? Neither the two- or threefold chan-
nel widening nor the change in channel pattern ob-

Žserved by other researchers Harvey, 1984; Nolan
and Marron, 1985; Desloges and Church, 1992;

.Huckleberry, 1994; Warburton, 1994 have been ob-
served on the Sainte Marguerite River after the
275-year flood. Others have reported similar appar-
ent channel stability in the face of extreme flood

Ževents in eastern North America Ritter, 1974; Gard-
.ner, 1977 , but they had to rely on aerial photographs

and isolated cross-sections to identify channel
changes. Here, using the detailed pre and post-flood
surveys of reach morphology, not only was the
stability of the overall channel morphology demon-
strated but also the relative stability of individual
morphologic elements such as bars and pools.

Ž .Gardner 1977 attributes the observed channel
stability in response to a 500-year flood event in
Ontario to the river valley’s geomorphically well-ad-
justed condition. That is, the river valley had experi-
enced such rare flood events in the past and was
adjusted so as to pass them without undue modifica-
tion of the extant channel morphology. Gardner also
notes that this well-adjusted condition is disturbed
where man-made structures alter the nature of the
channel andror adjacent flood plain. Sainte Mar-
guerite River may have been subject to floods of
similar magnitude to the 275-year event in the recent
geomorphic past and might have been geomorphi-
cally adapted to such events. However, the study
reach is located near the upstream end of an 8-km
section of river that was rectified and channelized
nearly 40 year ago, and the newly channelized river
cannot be adjusted to conditions existing prior to this
recent manipulation.

The observed degree of stability may in part be
attributed to the incidental effects of previous manip-
ulation. Rectification increased the channel slope and
thus the channel transport capacity. This in itself is
similar to the effect of an extreme flood: both result
in increases in stream power and shear stress, and
both tend to straighten the river channel. The chan-
nelization has changed the channel morphology from
a meandering system with a sinuosity of 1.9 that
migrates primarily by meander extension and cut-off
to a wandering gravel-bed river with a sinuosity of
1.2 that migrates by a combination of meander ex-
tension and lateral translation of alternate bars. This
comprises a significant shift in channel regime. One
may speculate that extreme floods would have tended
to force the Sainte Marguerite River in its sinuous,
unchannelized condition toward its current morpho-
logical condition, or even a braided condition, if
sufficient sediment was input as a result of bank
erosion. This is consistent with the previously re-
ported concentration of the observed changes in other

Ž .rivers at meander bends Gardner, 1977 .
Furthermore, the channelization has resulted in

bed degradation of between 0.5 and 1.0 m in the
Žvicinity of the study reach Talbot and Lapointe, in

.reviewra . The combination of bed degradation and
reduced sinuosity likely dramatically reduced the
depth of overbank flooding at the study reach. Based
on cross-sections A–AX and B–BX and considering
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the inferred peak water elevation shown in Fig. 8,
overbank flow depths were likely at most 0.75 m,
which—based on the water surface slope in the
channel—infers an associated flood plain shear stress
of approximately 20 N my2 . This is far less than the
critical value of 100 N my2 identified as a threshold

Žfor forested flood plain erosion in general Miller,
.1990; Magilligan, 1992 . A study of the effects of

the July 20, 1996, event undertaken on the nearby
Ha! Ha! River confirmed the applicability of this

Žthreshold value for the Saguenay region Lapointe et
.al., 1998 .

In addition to historic channelization, this part of
the Sainte Marguerite River was subject in 1993 to
extensive bank protection designed to reduce the
rates of lateral channel migration. This bank protec-
tion remained intact during the 275-year flood and
limited both the channel widening and the sediment
supply. The riprap apparently restricted bar develop-
ment during both floods, and has forced the bar to
adjust to sediment supplied at the upstream end via a
‘conveyor belt’ style of scour and fill, rather than the
typical pattern of persistent bar deposition and bank
retreat. More extensive channel modification would
likely have been observed—especially during the
275-year event—if the riprap had not been in place.

7. Conclusions

The morphologic methods applied in this study
gave reasonable, consistent results. While the results
were more consistent for the 7-year event than for
the 275-year event, this does not imply that morpho-
logic methods are not applicable to rare flood events.
There are two criteria that likely determine where

Ž .and when the various methods are applicable: i the
Ž .step length relative to the reach length, and ii the

step length relative to the bar-to-bar spacing.
When the step length is much less than the reach

Žlength e.g., the 7-year event, for which step length
.s80 m and reach lengths352 m , sediment

throughput is small, and the sediment budget gives
meaningful results. When the step length and reach

Žlength are of similar magnitude e.g., the 275-year
.event, for which step lengths542 m , sediment

throughput is significant, and introduces a large neg-
ative bias for the transport estimates. When the step

Žlength is less than the bar-to-bar spacing typically
.found to be 5–7 channel widths , erosion and deposi-

tion pairs can be confidently identified because the
transport vectors are easily deduced from the general
flow structure in a bar–riffle–pool sequence. When

Žthe step length exceeds the bar to bar spacing as it
.does for the 275-year event studied here , it becomes

much more difficult to unambiguously identify ero-
sion and deposition pairs because the step lengths
now involve complex transport paths that may be
significantly affected by local flow structure. There-
fore, the pair erosionrdeposition approach may well
not be applicable to large flood events. Neither of
these two constraints affect the total erosion method,
provided a reasonable step length can be estimated.

Bed material transport can also be calculated us-
Žing a fluid force equation here the well known

.Meyer-Peter and Muller equation and some index of
Ž )the event-scale sediment supply here q presented

.by Dietrich et al., 1989 . Our findings show that this
approach gives reasonable results for two very dif-
ferent transport rates, and it is conceptually well
grounded. While the results so far are very promis-
ing, further testing of this approach against other bed
material transport data sets should reveal if it is
generally applicable.

Morphologic stability can persist—even when
transport rates are exceptionally high and step lengths
exceed the scale of bar–riffle–pool spacing—when
the stream channel has been conditioned by previous
channel modification. The modification can be natu-

Ž .ral e.g., Gardner, 1977 or anthropogenic. The 275-
year flood studied here did not qualitatively alter the
channel pattern nor did it cause extensive modifica-
tion of the existing morphologic elements. Such
channel stability is attributable to the recent human

Ž .alteration straightening and incision , which repre-
sents a change in channel pattern and has altered the
interaction between the river and its flood plain. It
has conditioned this reach of the Sainte Marguerite
River in such a way that it is able to pass an extreme

Ž .event such as the 275-year flood without signifi-
cantly altering its morphology.
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