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ABSTRACT

Changes in channel morphology in response to two flood events were measured within three
reaches on the Sainte Marguerite River, Quebec. The first event was the spring freshet —
peaking in mid-May, 1996-- while the second event —peaking on July 20, 1996 was the largest
flood on record for the region. The resuitant channel adjustments can be classified as cither
bedform evolution —in which a clear, systematic pattern of adjustment is evident-— or as
bedform change, in which local hydraulic and sedimentologic conditions produce a seemingly
random pattern of channel mobilization. Where bedform evolution has occurred, it is
consistent with the existing paradigm for meander development. Sediment transport
calculations hased on the ‘inverse’ or ‘morphologic’ method were strongly correlated to reach
average mobility ratios. The average rate of transport in response to the larger flood
approached these reported by others for a braided system (Goff and Ashmore, 1994).
Potential spawning zones within the three reaches were all subjected to significant net scour
and/or fill following the second event; several potential spawning zones were significantly
affected by the first event. The presence of bank protection upstream of a potential spawning
zone seems to be a determinant in the severity of the impact by promoting erosion of these
zones.

SOMMAIRE

Les changements morphologiques du chenal résultant de deux crues furent mesurés sur trois
trongons de la Riviére Sainte Marguerite (Québec). Le premier événement fut la crue
printaniére —qui atteigna son apogée a la mi-mai 1996 alors que le second événement, dont le
point maximum fut atteint le 20 juillet 1996, représente la plus importante inondation gu’ait
connue la région. Les ajustements du chenal résultant de ces événements peuvent représentés
soit une évolution des éléments morphologiques du lit, lors de laquelle ’ajustement se refléte
par un ré-arrangement spatial systématique et évident de ceux-ci; soit un changement des
éléments morphologiques, lors duquel les conditions hydrauliques et sédimentologiques
prédominantes résultent en une mobilisation aléatoire des éléments du chenal. Les calculs de
transport sédimentaire basés sur la méthode “inverse” ou “morphologique” correspondent de
trés prés aux ratios moyens de mobilité des troncons. Le taux moyen de transport en réponse a
la plus importante des deux inondations se rapproche de ceux décrits par d’autres auleurs
pour des systémes proglaciaux (GofT et Ashmore, 1994). Les aires de frai potentielles dans les
trois troncons furent tous soumis a une érosion et/ou une déposition nette considérable suite au
deuxiéme événement; plusieurs aires de frai potentielles furent aussi affectées de fagon
significative par le premier événement. La présence de revétement des berges en amont des
aires de frai potentielles semble déterminer la sévérité des impacts de chaque événement en
facilitant I’érosion de ces aires.
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1) INTRODUCTION

This work was undertaken as one of a number of projects initiated on the Sainte
Marguerite River through the Centre interuniversitaire de recherche sur le saumon
atlantique (CIRSA). It was one of several geomorphologic studies attempting to
understand the geomorphic controls on the physical salmonid habitat on the Sainte
Marguerite. In particular, the overall geomorphologic program focused on developing a
more complete understanding of how the system has responded to environmental
perturbations such as road building or logging and to elucidate the ramifications for
salmonid habitat. Obviously, this is quite an ambitious task, requiring large quantities of
data on parameters that are often difficult to quantify.

Given the goal of understanding the geomorphic processes responsible for
determining the quality of salmonid habitat within the system, the projects were specified
accordingly. For the work reported here, three study reaches were selected to represent a
range of channel morphology and substrate, within which salmonid spawning and rearing
habitat could be examined. Specifically, the spatial distribution of bed scour and bed
form change/evolution within the riffle environment was to be examined by making
detailed topographic surveys of the bed and through scour chains installed in the riffle
zone. Riffle environments were the focus for this work because of their role in Atlantic
salmon spawning, as well as their importance in controlling hydraulic habitat for juvenile
rearing; the sedimentology and geomorphic stability of these bed elements is a key factor
in the overall productivity of a salmon-bearing system such as the Sainte Marguerite
River.

In addition to documenting the net scour and fill occurring within the riffle zones,
a partial explanation of these patterns was to have been attempted using a map of shear
stress calculated by a two-dimensional finite element model for fluid flow within the
stream channel developed by other members of CIRSA. This model would have provided
an approximate reconstruction of the peak shear stress conditions, which could likely
have been related to the observed patterns of maximum scour. A detailed map of the

reach topography was required to run this model, as were estimates of the upstream and




downstream peak water levels. The finite element model was to be run over a reach of
approximately 400 m of river channel, in the middle of which was the study riffle.

However, the extraordinarily wet 1996 field season --which precluded much
fieldwork before August and culminated on July 20 in the largest flood on record for the
basin-- forced a reevaluation of the principal research questions. Reevaluation was
necessary because the majority of the scour chains installed in the riffle environments
were lost during the flood, before they could be recovered. Even if the chains had
remained. there were now two events that had to be considered in an analysis of net scour
and fill, which precludes meaningful conclusions about the actual patterns. As it was,
15% of the chains remained in place following the flood, of which most were found along
the channel margins or in other lower energy environments. Measurements of bed
mobilization occurring in the absence of net bedform change/evolution were therefore
impossible to determine.

The utility of the finite element model in predicting net bedform response under
these circumstances was very questionable; while it is reasonable to expect some relation
between peak shear stress conditions and maximum depth of scour, it does not necessarily
follow that peak shear stresses will be related to the patterns of large-scale bedform
evolution.

Although it was still possible to run the finite element hydraulic model given the
available hydraulic data, the extensive morphologic change presents a problem. That the
bed has been substantially modified by the July 20 flood event invalidates the assumption
implicit in the model that the bed constitutes a static boundary. In addition, limit
conditions at the upstream and downstream boundaries become increasingly uncertain
once the static bed condition has been violated. A good example of this pitfall is provided
by House and Pearthree (1995), in which they have found that initial estimates of flood
magnitude for an extreme event may have been far too high when made in an alluvial
channel reach (2080 m®'s versus 750-850 m?/s from a 50 km’ basin). They write that --for

the Bronco Creek basin in Arizona--

“Dynamic adjustments that occur in the bed and banks of an alluvial stream during large floods

may result in the final channel area being different from that associated with the peak discharge.



Furthermore, the attainment of maximum depth, stage, cross-sectional area, and discharge may not
be synchronous. [Quick, 1991] Channel roughness may decrease during a flood, particularly if
bars are removed or streamlined...the timing of the changes in roughness in relation to peak

discharge is also unknown.” (p. 3068)

1.1) OBJECTIVES

Given the data available --which consisted of very detailed topographic surveys
bracketing two significant flood events in three reaches of the Sainte Marguerite River, as
well as sedimentologic data in each reach-- a new focus was developed. Comparisons of
the topography before and after the two significant flood events revealed systematic
patterns of morphologic change. The changes were quantified by calculating the volumes
of sediment eroded and deposited, and the patterns associated with these changes were
revealed using a Geographic Information System (GIS). Flow conditions were then
combined with the existing understanding of channel dynamics to explain the magnitude
and spatial extent of these morphologic changes in each of the three reaches. The revised
focus was to develop an understanding of the magnitude and spatial distribution of
bedform evolution and change; the distinction between evolution and change is made
below.

The term bedform evolution refers to a systematic trend of morphologic
adjustment occurring during high flow events in response to the prevailing channel
pattern. A typical example of this would be the growth of a point bar in a meandering
system, in which the point bar will more or less continuously aggrade and propagate
outward as the bank opposite retreats. Indeed, meander development and maintenance
can be viewed in the context of an equilibrium channel pattern; one would expect an
artificially straightened channel to progressively reestablish a meandering pattern, which
would be an example of bedform evolution (Langbein and Leopold, 1968b).

Seemingly random patterns of net change in sediment storage can also occur.
Rather than reflecting an overall tendency of the channel to evolve in response to channel
scale characteristics of the fluid flow field, such changes in net storage are most likely

caused by local and/or transient sedimentological and hydraulic conditions. These



changes to the bed can be viewed as stochastic variations--or noise--as they do not
necessarily represent a temporally or spatially consistent pattern of form adjustment.

Based on this, one can distinguish between bedform evolution and bedform
change; bedform evolution is driven by overall reach scale patterns of change, while
bedform change is driven by local sedimentological and hydraulic conditions.

The July flood provides a unique opportunity to examine in detail the precise
effects of an exceptional flood on channel morphology. The revised objectives of this
study are:

1. to identify and compare patterns of morphologic channel adjustments in each of
the three reaches for the exceptional July flood event as well as the more
frequently occurring spring freshet,

2. to understand how the channel adjustments are related to event magnitude,

. to make sediment transport calculations based on the observed morphologic

(V3]

changes, and

4. to identify the environmental factors controlling the stability of potential

spawning zones on the Sainte Marguerite river.

In the coming chapters, maps of net erosion and deposition produced using a GIS
are examined to identify the pattern and magnitude of net morphologic change. Then. the
patterns exhibited are placed in the context of the existing paradigm for meander
development. Sediment transport estimates are made using the calculated volumes of
erosion and deposition. Then, the effects of the two flood events on potential spawning

zones within the three reaches are also examined.

1.2) LITERATURE REVIEW

1.2.1) CHANNEL MORPHOLOGY

It is believed that channel form in alluvial rivers is closely related to the processes
of fluid and sediment transport, which in turn are influenced by the resultant bedforms in

a mutually reinforcing interaction (Keller and Melhorn, 1983; Church and Jones, 1982).



Channel bedforms are generally classified --or more precisely, defined-- by the processes
theoretically producing them.

An alluvial river flows within a floodplain of its own sediment. This floodplain is
composed primarily of sediment deposited within the channel as lateral accretions, though
vertical accretions directly to the floodplain surface will also occur during overbank flood
events (Wolman and Leopold, 1957; Leopold er al., 1964; Desloges and Church, 1987).
Lateral channel migration has been observed to occur with little net change in channel
width; net bank erosion is generally equal to the net deposition occurring on the point bar
opposite, thereby maintaining a relatively constant channel width (Wolman and Leopold,
1957). Channel meandering, the result of the lateral channel migration. is common in
alluvial channels and can be geometrically described as a wave, the wavelength of which
is scaled by the channel width (Leopold er al., 1964; Keller and Melhom. 1973; Hey,
1976).

Within the channel itself a number of different morphologic elements are
apparent. independent of channel pattern. The fundamental morphologic units identified
within the channel are the bar, pool and riffle.

Bars develop as the result of deposition of sediment within the channel, or by the
deformation of the bed to form elements producing hydraulic resistance (Leopold er al.,
1964; Keller and Melhorn, 1973; Church and Jones, 1982; Ashmore, 1990). Divergence
of flow is thought to cause the stalling of bedload sheets, which may accrete on to
existing bars or form the nucleus for bar growth (Keller and Melhom, 1973; Church and
Jones, 1982; Leopold and Emmett, 1984; Ashmore, 1990; Ferguson, 1993).

The crest of the downstream edge of the divergence-associated sediment deposit
forms the riffle, whereas the upstream deposit forms the bar (Church and Jones, 1982).
Bars as observed in the field are rarely the products of a single event; rather, they are
produced by the accumulation of a number of smaller “unit” bars. As such, most bars
may be appropriately referred to as “complex” bars (Church and Jones, 1982).

Several types of unit bars were described by Church and Jones (1982), which may
form the nucleus for development of a number of complex bar types. Unit bars are

typified by an upstream sediment ramp along which sediment is transported and a



downstream avalanche face where deposition occurs. Vertical accretion occurs as well,
when sediment in transport stalls before reaching the avalanche face (Church and Jones,
1982).

Several types of complex bar can be produced. Church and Jones describe five
types of complex bar; they are 1) transverse and 2) medial bars --occurring in the middle
of the channel and producing a bifurcation of the main channel-- 3) point bar s--occurring
along the inner bank of a meander bend-- 4) lateral bars —having the form of a point bar
and the resultant thalweg sinuosity in the absence of meandering-- and 5) diagonal bars
which traverses the channel diagonally. This classification is quite useful in its
simplicity, and will be adopted for the current work.

An additional feature common to both point and lateral bars deserves mention:
secondary or chute channels along the inner bank have been reported, the creation of
which is attributed to the upstream exclusion of bedload (Church and Jones, 1982;
Ferguson and Ashworth, 1991). To differentiate this form from the incipient braid
mechanism of chute cutoffs (Ashmore, 1990; Ferguson, 1993), the term ‘secondary
channel’ will be adopted herein.

Pools have received far less attention. These forms are relatively self-evident in
the field, and are the product of bed erosion. It has been hypothesized that while bars are
the products of divergent flow, pools are produced by scour associated with convergent
flow (Keller and Melhom, 1973; Richards, 1978; Church and Jones, 1982). It has also
been hypothesized that pools are the products of cyclic development and decay of macro-
turbulent eddies within the channel (Hey, 1976; Richards 1976a, Richards 1978). The
role of vertical vortices in the generation of highly localized extreme bed erosion at points
of great stream curvature may also be important (Mlynarczyk and Rotnicki, 1989). Work
on small streams indicates that pools may also form where the flow pattern is modified by
large organic debris or other non-alluvial elements (Keller and Swanson. 1979; Mosley.
1981; Beshta and Platts, 1986; Andrus er al., 1988).

Riffles, however, are less easily classified than bars or pools. This is in part
because riffles represent both a bed feature and a stage-dependent flow condition. This

stems back to the use of the word “riffle” by fishermen to describe shallow, rapidly



flowing water with a roughened water surface (Leopold et al, 1964). These flow
conditions are most often associated with zones of thalweg shallowing, and the term riffle
was adopted to describe these zones of locally elevated bed by Leopold er al., (1964).
However the definition of these bedforms is difficult to objectify as a result of the
combination of topographic and stage-dependent hydraulic characteristics used to define
them.

Keller and Melhorn (1973) describe riffles as occurring at the inflection between
one bend and the next through divergent flow and deposition, producing a relatively
shallow, symmetric cross-section. Others also believe that alternating convergence and
divergence associated with secondary circulation cells is responsible for riffle formation
(Hey. 1976; Richards, 1978; Church and Jones, 1982). Richards (1976b) argues that
riffles are indeed shallower and wider, on average, than pools lending support to the
convergence/divergence hypothesis.

Given that riffles are implicitly the product of deposition and are therefore often, if
not always, associated with an extant bar deposit upstream, it is often difficult to
distinguish between submerged bar and riffle. In fact, any such distinction is to some
degree an artifice of the classification scheme. However, the distinction made by Church
and Jones (1982), in which the downstream edge of the bar-riffle depositional unit is
determined to be the riffle and the upstream accumulation of sediment is determined to be
the bar is a useful conceptual framework. Within this framework, riffles can be viewed as
the primary elements for hydraulic resistance, while bars act primarily as sediment storage
elements (Church and Jones, 1982; Church 1994).

Other workers have made various attempts to develop objective criteria for
identifying riffles and pools. A brief review of these attempts is presented by Richards
(1976a), following which it is proposed that the exponents of the at-a-station hydraulic
geometry are the most appropriate criteria for distinguishing riffles and pools. This
hydraulic definition is an integral part of the velocity reversal hypothesis of pool-riffle
development and maintenance, and is therefore based on a theoretical process-form
relation (Keller, 1971; Lisle, 1979; Carling, 1991; Clifford and Richards, 1992: Keller
and Florsheim, 1993; Sear, 1996). A more practical field technique based simply on the



bed topography and an objective threshold for cumulative elevation changes between one
bedform and the next has been proposed (O’Neill and Abrahams, 1984).

It should be noted that there is another scale at which bedforms may be classified;
the scale of the megaform. It has been observed that zones of sedimentation, consisting
of bar assemblages and areas of local braiding, may develop in response to non-
equilibrium conditions of sediment transport and storage (Church, 1983). A review of the
relevant literature is presented by Nicholas et al., (1995).

To summarize, the terminology for fluvial forms will be drawn from the above
literature; specifically, the classification of complex bars resulting from development of
unit bars summarized by Church and Jones (1982) will be adopted. Riffles will be
likewise taken to refer to the downstream edge of sediment deposition along the thalweg,
which act primarily as elements of hydraulic resistance as opposed to sediment storage,
and which therefore have a definite association with the local flow conditions. Pools are
rather self-evident forms, though it should be noted that vertical vortex scour or flow
deflection scour may be important in the local depths of scour within the pools. Other
features, such as bedload sheets, avalanche faces and secondary channels will be
described using the terminology adopted by Church and Jones (1982) because of its wide

use in other, subsequent literature.

1.2.2) MEANDER DEVELOPMENT

There has been extensive discussion in the literature regarding the initiation and
maintenance of meanders in alluvial channels. Workers initially posited that secondary
circulation within the channel controlled the spatial location of erosion and deposition
involved in the natural meander activity (Leliavsky, 1955; Prus-Chacinski, 1954). An
attendant issue is the development and maintenance of the riffle-pool sequence, which is
intimately linked to channel pattern.

Langbein and Leopold (1968a) have examined the nature of bedforms within
alluvial channels, and came to the conclusion that gravel bars --and therefore the attendant

riffle-pool sequence-- can be well described by kinematic wave theory. This initial work



suggests that the transport rate of sediment within the channel is controlled by the spacing
of the mobile particles, with the result that accumulations of sediment will tend to form.

The same authors have explicitly described channel meandering as a stable
equilibrium channel pattern, resulting from the tendency of a river to minimize the
variance of shear stress and friction. Field observations have been presented to support
this position; it is argued that the channel depth, slope and velocity adjust to attain a
condition of minimum variance of shear stress and bed friction. It is argued on the basis
of the collected field data that the meandering pattern is more stable than a straight
channel pattern as a resuit.

Subsequent work has suggested that planform convergence and divergence control
the location of erosion and deposition, and thereby channel pattern (Keller and Melhorn,
1973, Church and Jones, 1982). It is argued that the convergent flow occurring in pools
during formative discharges result in erosion and therefore maintenance of its relatively
low average elevation, whereas the flow divergence typical of the riffle environment
results in deposition.

Based on the observed similarity in the spacing of the riffle-pool units in both
meandering and straight channels, Keller and Melhorn proposed that the regular spacing
of riffle-pool elements limits the scale of meander development, noting that the meander
wavelength seldom exceeds twice the riffle-pool spacing of 5 to 7 channel widths. This
raises the ultimately sensible point that the channel pattern and longitudinal form must be
closely tied. That the riffle-pool spacing seems to be independent of the occurrence of
meandering does imply a limitation to the spatial dimensions of meander bends.

A more direct approach was taken by Hooke (1975), who assumed that bed
geomeltry adjusts to transport exactly the incident sediment flux. This is achieved through
progressive erosion or deposition, which modifies the local hydraulic conditions until
they are sufficient to transport the sediment arriving at that point. This reflects the view
of channel adjustment proposed by Keller and Melhorn (1973) who wrote “development
of the shoals may be considered as a metamorphosis resembling a feedback mechanism in
which process and form evolve in harmony.” Hooke reported that the sediment transport

field is ultimately responsible for the development of the observed channel pattern.



Secondary flow is downplayed as a mechanism shaping the channel pattern.
Instead, Hooke asserts that the radius of curvature for the meanders controls the
occurrence of flow separation along the downstream edge of the point bar, and therefore
the sediment transport field. It is argued that the meandering pattern is inherently stable,
and will tend to reestablish a meandering form following a perturbation through the
interaction between bend curvature, flow separation and sediment deposition.

The importance of the radius of curvature is further explored by Hickin (1974),
and by Hickin and Nanson (1983). Meander scrolls were examined to determine the rate
and direction of channel migration on the Beatton River, British Columbia. It was found
that, typically, meanders developed to the point where the ratio of the radius of curvature
to the channel width (R/w) took a value close to 2.11, with a standard deviation of only
0.13. It was concluded from this that the value of 2.11 for R/w represented a value for
which flow resistance reached a minimum value.

Hey (1976) came to the conclusion that meander wavelength was a function of the
channel width only, with the form

(D A=4nw,

where A is the meander wavelength, and w is the channel width. This is based on
the supposition that meander wavelength is dominated by the existence of two helicoidal
flow cells within the channel, which are responsible for a pattern of alternating channel
bars. Following this argument, one comes to the conclusion that meandering is an
inherent property of the fluid, and would be a function of bed material only insofar as it
determined the channel cross-sectional geometry and therefore the width.

Support for this comes from several studies that have established the existence of
two helical flow cells. Bathurst, Thorne and Hey (1979) measured the primary and
secondary flow components at various discharges within the River Severn. The
secondary circulation pattern is dominated by a skew induced secondary cell, while a
smaller cell of opposite rotation may exist against the outer bank. Thorme and Hey (1979)
report that the cell of opposite rotation is not a relic cell from the previous bend, but rather
a result of the interaction of the skew-induced cell and the outer bank. It was further

reported that the helicoidal cell associated with a bend was displaced from below as a cell
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of opposite rotation developed at the entrance to the next bend. The result was a set of
vertically stacked cells at the inflection point between the two bends.

Parker (1976) contradicts the supposition that meandering initiation is a function
of the flow conditions; he posits, first of all, that meandering and braiding are the
products of essentially the same mechanism, and second that the mechanism responsible
for initiation of submerged channel bars is the result of sediment transport and bed
friction. In the model for bed development put forward by Parker, secondary circulation
is not a component. However, it is conceded that secondary circulation seems to play a
significant role in the further development and maintenance of the meander, following its
initiation by submerged bar deposition. Once thalweg sinuosity has been established. the
feedback mechanisms alluded to above contribute to meander-development to the
equilibrium condition for which R./w takes on the appropriate value (2.11 on the Beatton
River, for example). Therefore, the mechanisms for meander initiation described by
Parker are not inconsistent with the model for meander equilibrium form based on the
fluid flow structure.

Begin (1981) further elucidates the secondary mechanism of post-initiation
development. A functional relation between R/w and the force per unit area exerted on
the channel bank was developed based on the conservation of momentum as the fluid is
accelerated centripetally around the bend. From this relation, it was found that R/w
values between 1.3 and 4.1 produced a maximum force per unit bank area. This is
supported by the field evidence provided by Hickin (1974) for which maximum rates of
channel migration occurred when R /w was approximately 2.11. The model developed by
Begin includes bed material composition, however, thereby explaining how R/w can be
determined by the texture of the alluvium.

To summarize, meander development and maintenance is related to a number of
interdependent factors. In a spatial sense, the meander wavelength is adjusted to very
nearly twice the riffle-pool spacing. In this way, it may seem likely that wave-like
properties determine the ultimate meander form by controlling the riffle-pool spacing.

However, the meander wavelength has also been related to the fluid structure alone.
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1.2.3) SALMONID SPAWNING HABITAT

Salmonid spawning habitat, the quality of which is critical to the success of the
fish population, is strongly influenced by the mobility of the streambed. Spawning is
typically observed to take place behind riffle crests, which are areas of inflow to the bed
(Stuart, 1953; Milhous, 1982). The circulation of water through the gravel maintains an
appropriate dissolved oxygen concentration and evacuates waste products produced by
the developing eggs.

Several studies of subsurface flow in alluvial channels confirm that aquifer
recharge is associated with the riffle environments; Bencala er al., (1984) and Bencala
(1984), reported that water was transferred through the sub-surface from one pool to the
next by flow paths sub-parallel to the riffle. Subsequent investigation reported that stream
water recharged the surrounding aquifer in riffle zones, while the aquifer discharged to the
stream in the vicinity of pools. Furthermore, these flow paths persisted over a range of
stream discharges and aquifer conditions (Harvey and Bencala, 1993).

The burial depth of the eggs is typically between 10 and 50 cm (Milhous. 1982;
Lisle, 1989). The spawning is thought to occur in a fairly narrow range of gravel sizes
(Milhous, 1982). For example, Platts et al., (1979) report that Chinook salmon spawned
in gravels with median diameter of 7 to 20 mm.

Another important feature of the substrate, besides its mean size, is the amount of
fine sediment. Material carried in suspension will often infiltrate the existing gravel
matrix, thereby reducing the gravel permeability, the dissolved oxygen concentration and
posing a physical barrier to the emergence of fry from the gravel (Vaux, 1962; Phillips,
1971; Koski, 1972; Beshta and Jackson, 1978; Carling and McCahon, 1987). Siltation of
spawning grounds has been observed to produce 100% egg mortality rates, indicating the
significance of infiltration of fine sediment (Turnpenny and Williams, 1980).

Entrainment of the channel bed during a flood event may improve spawning
habitat by flushing the fine particles from the gravel matrix (Adams and Beshta, 1980;

Carling, 1987), or it may adversely affect it by introducing fines to lower levels in the
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substrate (Lisle, 1989; Nawa and Frissell, 1993). There is also the direct threat of
scouring the bed to the depth of the egg burial, especially in the more geomorphically
active streams of the Pacific Northwest (Lisle, 1989; Nawa and Frissell, 1993).

1.2.4) CHANNEL SCOUR AND FILL

It was reported by Leopold and Emmett (1984) that scour depths were not a
function of location within the riffle-pool morphologic unit, nor of channel curvature.
However, scour and fill can vary across the channel --being higher within the thalweg-- as
well as downstream (Neill, 1969; Laronne et al., 1994).

The patterns of scour and fill reportedly reverse as the flow level changes, thus
areas scoured at flood stage tend to fill at low flow and areas filled at flood will scour at
during low flow (Andrews 1979). Leopold et al., (1966) related the measured scour in a
sand bed river to the square root of the peak specific discharge, though it is believed that
the reported functional relation was a function of the migrating bedforms (Colby, 1964,
Foley, 1978). Carling (1987) examined scour in a gravel bed river, and found that this
relation significantly underestimated scour depths.

Hassan (1990), using both magnetically tagged tracer particles and scour chains
confirmed that scour and fill depths are functionally related to discharge, and that the
relative magnitudes of scour and fill were related to morphology. In general, for most
sections during most events, the thalweg scour depths were higher than those on the bar.
though a strong relation between scour or fill depths and bar/thalweg designation did not
seem to exist. Hassan (1990) concluded that “the changes in the burial, scour, and fill
depths indicate that the filling and scouring process is sporadic and has spatially a highly
differential pattern which changes between events, during and event across the channel
and downstream.” (p. 355) In addition, the data collected did not fit the functional
relations proposed by Carling (1987) and Leopold er al., (1966), indicating that the

relation between discharge and the channel bed is site specific to some degree.
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1.2.5) SEDIMENT TRANSPORT ESTIMATION

Many equations based on relating shear stress or some equivalent measure of fluid
force to sediment transport rates have been proposed, though a generally applicable
equation has not yet been developed (Reid and Frostick, 1994). A review of various
bedload formulae was undertaken by Gomez and Church (1989), from which it was
concluded that none of the twelve bedload transport formulae examined were adequate
predictors of sediment transport rates; typically, order of magnitude errors in prediction of
transport rates were observed. The data against which the various formulae were tested
came from four sets of field data representing as close to equilibrium transport as possible
and from three sets of flume data. The failure of these formulae is in large part due to the
complexity of the entrainment threshold for heterogeneous gravel beds.

However, event-scale transport rates may be calculated from net changes in
sediment storage within the channel (Popov, 1962; Hubbel, 1964; Neill, 1971, 1987,
Church er al.. 1987; Carson and Griffiths, 1989; Lane ef al., 1995; Ashmore and Church,
1995). This alternate technique has been called the “morphologic’ or “inverse” method.

The method described by Ashmore and Church (1995) is based on a general
statement of continuity of mass as follows:

(2)  6q,/0x+0dq,/Oy+(1-p)oz/ot+dC, /o= 0

Where z is the bed elevation, q, is the transport per unit width of bedload, x and y
represent the downstream and transverse directions, C, is the concentration of transported
sediment (by bed area) and p is the porosity. By integrating across the channel, this
equation can be reduced to a finite difference form for changes along the channel
direction:

(3)  AQYAx+(1-p) AAJAt=0, or (1-p) AVHQ,,-Q,;) At=0

and

(4) AV=V_-V,

Q, is the sediment transport rate, A, is the sediment deposit/scour cross-section for
the channel, and AV= AA, Ax is net volumetric change in storage of sediment within the

reach of length Ax.
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According to Ashmore and Church, this finite difference equation can be used to
calculate the change in sediment transport within a reach based on storage changes. Note,
however, that an input sediment transport rate is required to use this method in producing
downstream estimates of sediment transport. In addition, any component that is carried
through the reach without interacting with the morphology is not recorded. This type of
behavior is a function of both the time scale at which changing morphology is recorded,
and of the sediment transport mode.

Other, simpler methods are based on estimates of the step length for gravel
transport, that is, the distance between centroids of erosion and those of deposition (Neill,
1971; Church er al.. 1987; Neill, 1987, Carson and Griffiths, 1989; Goff and Ashmore,
1994; Lane er al., 1995). This step length morphological method has been applied to both

meandering and braided channels.

1.2.6) EXTREME FLOOD EVENTS

The literature pertaining to the geomorphic impacts of rare flood event is, by
definition, sparse. Given the nature of such events, the data is usually insufficient to
accurately quantify the impact because there is little by way of pre-flood information.
Observation of the change in channel pattern from air photos is common practice in such
cases (Desloges and Church, 1992), or reliance upon previously existing cross-sectional
information (Miller, 1990). As such, the available data are often inadequate to determine
the net vertical component of change or --if cross-sectional data is used-- the extent of
planform adjustment.

From what data are available, however, there seem to be several typical responses
to large floods. The first, most obvious adjustment is a widening of the channel, often by
2 or 3 fold. Such widening is often observed in arid and/or alpine environments, where
there is sparse riparian vegetation (Warburton, 1994; Huckleberry, 1994). This widening
is often associated with a shift in channel pattern from a single thread meander to a
braided channel (Desloges and Church, 1992; Warburton, 1994).

Warburton (1994) reported a cycle of channel pattern change from a single thread

to a braided pattern on a proglacial meltwater stream. The initial shift from single thread
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to braided pattern occurred in response to a flood event, while the subsequent return to a
single thread pattern occurred more gradually.

Desloges and Church (1992) previously described such a process of sudden shift
in channel pattern, followed by a gradual relaxation. The authors report on the effects of
two extremely large events on the Noeick River, British Columbia, resulting from glacial
outburst flooding. The events described were approximately 2.4 times larger than the
maximum probable meteorological flood. The channel response to the first flood was
predictably an overall widening of the channel, with significant areas of braiding. This
channel widening/braiding occurred on a forested flood plain. The second event produced
only minor redistribution of sediment made available by the scouring effects of the first.
[t was concluded that a new equilibrium, a new regime, had been established during the
brief but powerful first event, thereby explaining the relatively minor effects produced by
the second. In this way, the channel had undergone a step change in regime, which would
likely be followed by a gradual return to a morphology similar to that existing previously.
The authors write “that regime adjustments can occur rapidly in alluvial channels, and
that the “equilibrium’ between alluvial morphology and the governing conditions change
in such a way that stream power increases out of proportion to the increase in sediment
supply or grain size. In the reverse circumstances, however, a long period of non-regime
adjustment is required.” (p. 362).

Miller (1990) examined channel response to various large floods in the Central
Appalachian region. It was noted by the author that “despite the abundance of literature
describing geomorphically effective floods, there are relatively few studies that attempt to
provide quantitative information on what threshold conditions, if any, distinguish floods
that are effective from those that are not.” (p. 120). The term “geomorphically effective”
refers to floods that cause substantial reworking of the river floodplain of a type and
magnitude that could not be accomplished by a number of lesser events. Miller reported
that, in the Central Appalachians, the size and intensity of the rainfall event are not
sufficient to predict the effectiveness of a given event.

By examining several floods occurring in the region, Miller noted that the most

geomorphically effective flood did not exhibit the highest rainfall intensity, nor the largest

16



cumulative precipitation amounts. Furthermore, the effectiveness of a given event was
spatially variable, in general being much more effective in the steeper, confined valley
tributaries than in the larger channels. Miller attempted to identify some criteria for a

threshold using unit stream power. He wrote:
“these results suggest a trend, but they do not establish a clear threshold suitable for predictive
purposes: unit stream power values exceeding 1000 W/m® were calculated for sites where
geomorphic impacts were negligible, and severe erosion was observed near sites with calculated
values as low as 45 W/m?*. It is noted that the erodability of the bed must be considered...the

highest values were associated with a bedrock canyon.”
However, Miller continues,

“for valleys wider than about 200 m, evidence discussed in this paper clearly shows a trend
towards increasing severity of erosion with increasing values of unit stream power. Narrower
valley reaches are less sensitive to unit stream power, in part because they are more likely to have
resistant boundaries and in part because the channel more often runs parallel to the valley margins
and there are fewer opportunities for the central core of the flow to cross from the channel onto the
adjacent valley floor. To the extent that a threshold value of unit stream power can be associated
with severe channel erosion, 300 W/m? appears to be a reasonable minimum estimate of that
threshold.” (p. 132).

It was reported by Miller that an event occurring on June 21 to 24, 1972, on the
eastern seaboard of the United States in which 269 mm of rain fell in 12 hours, did not
produce significant floodplain modification; only local channel widening and scattered
examples of floodplain erosion were observed.

This concept of a threshold for severe flood impact on alluvial channels was
further examined by Magilligan (1992). An approximate minimum threshold for
potentially catastrophic channel modifications was identified, corresponding to
approximately 100 N/m? or 300 W/m?, which concurs with that proposed by Miller (1990)
for a geomorphically effective extreme event. Magilligan (1992) reported that such
threshold values were typically attained by floods ranging from 2 to 18 times the 100 year

flood discharge.
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The susceptibility of a given region to catastrophic floods has been examined; this
involves both physiographic and climatic aspects. (Baker, 1988). While climate is
obviously very important in determining flood susceptibility, it is constrained by the local
physiographic conditions such as soil permeability, drainage density, vegetation and
hillslope gradients which controls the hydrologic response of the drainage basin to
precipitation inputs (Baker, 1988).

The extent and persistence of the channel changes are also controlled by local
physiographic conditions. Nolan and Marron (1985), for example, report that in
California, the interaction between hillslopes and the channel influence the severity of
channel modification due to a large flood, as well as the time required for channel
recovery. More generally Gupta (1983) reported that the persistence of the effects of
large floods was primarily related to the (in)ability of the “normal” regime to rework the
material introduced during the large event. It is proposed that the material introduced by
the large flood and bedforms formed during it may be treated as lag features; a condition
of disequilibrium between the channel form and the flow regime will persist until the next
high magnitude event. Arid environments generally permit flood related channel

alterations to persist much longer than in humid environments (Harvey, 1984).
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2) STUDY SITE

Research was carried out on the Sainte Marguerite river, located in the Saguenay
region of the province of Quebec (Figure 2.1). This river consists of two main branches,
the North-East branch and the Principal branch, which drain a total area of 2135 km?. The
river exhibits a variety of substrate types, ranging from predominantly sandy reaches to
lag deposits of glacially transported boulders. However, a cobble-gravel bed is common
throughout much of the river course. Atlantic salmon spawn at various locations on the
Sainte Marguerite, and the related sport fishery plays a prominent role in the local
cconomy.

Three study sites were selected on the upper section of the Principal branch, which
drains approximately 285 km’. This section of the Principal branch was altered during
construction, in the early 1960’s, of highway 172 along the northern edge of the Saguenay
fiord. The three study reaches are located within a section of channel that was subjected
to extensive channelization, which consisted of re-routing the river channel through the
neck of the existing meanders, thus creating a straighter channel of higher gradient. Air
photo images are presented for the years 1950 and 1995 for the channelized reach.
highlighting the impact of the road construction on the system and the location of the
three study reaches (figure 2.2). There is a general trend of downstream fining of
sediment texture and channel gradient reduction throughout the channelized reach, a point
that is illustrated later. The study reaches cover a range of sediment textures and channel
slopes.

The study sites were located within the channelized reach to illustrate the
morphological response to floods of different magnitudes in reaches of contrasting

substrate, slope and pattern.
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. Figure 2.2 Channelized Reach of the Ste. Marguerite River, 1950 and 1995
air photos:1950: A 12492-396, 1995: Q95402-219, Q95422-132 and 130
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2.1) CHANNELIZED REACH OF THE SAINTE MARGUERITE RIVER

During the 1960’s, a highway linking Tadoussac and Chicoutimi was constructed,
sections of which were built upon the floodplain of the Sainte Marguerite River. To
protect the highway from flooding and to minimize the number of bridges that needed to
be built, a fairly long section of the river was channelized; this section of river is
illustrated in figure 2.1.1. Within this stretch of river, all meanders were bypassed by
man made channels cutting through the neck of the meander. This resulted in a straighter,
steeper channel which would theoretically flood its banks less frequently than in its
previous state. The channelization also had the effect of physically distancing the river
from the highway, theoretically reducing the direct threat of erosion to the roadway.

The valley sides exhibit a number of terraces cut into sandy glacio-fluvial
material. with evidence of past fluvial erosion at various elevations, indicating
progressive down-cutting into the fill material (figure 2.1.1). The glacial sediments are
subject to gully erosion in a number of places, which likely constitute a significant
sediment input to the channel. The river floodplain also encroaches on a number of
colluvial fans and inactive paleo-landslides. The landslides are to some extent vegetated,
and do not seem to be active at present (figure 2.1.1). The contemporary floodplain is

defined at its borders by scarps in the glacial matenials caused by fluvial erosion.

2.2) HiISTORICAL CHANNEL CHANGES ILLUSTRATED BY AIR PHOTOS

A comparison of the channelized reach morphology between 1961 --just after the
beginning of channelization-- and 1990 provides some indication of the activity over the
last three decades (figure 2.2.1). Some areas underwent rapid and extensive channel
change. while most of the channelized reach has remained relatively stable.
Measurements of net terrace erosion and point bar growth made using a zoom transfer
scope (Driscoll, 1996, internal report) are presented on figure 2.2.1 as well, to provide

some tndication of the magnitude of net channel adjustment over this time period.
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2.3) CHANNEL RESPONSE TO CHANNELIZATION

The imposed channel alteration have produced increased rates of bank and terrace
erosion during the past three decades, and presumably higher rates of local sediment
transport as well. Note, however, that over most of the channelized reach channel
alterations have been fairly minor.

In part this lack of activity at the downstream-most end of the channelized reach is
due to the existence of a local base level control at the confluence of the Principal and the
Northwest branches downstream of the channelized reach. A coarse alluvial fan has been
deposited at the mouth of the steeper Northwest, creating a boulder rapid channel section
downstream, within which significant vertical erosion is improbable under the current
runoff regime. Upstream of the fan, the main channel exhibits a tortuously meandering
pattern which progressively grades into the gravel bed pattern observed in the upstream
study reaches; this transition from sand to gravel bed can be seen in figure 2.2 just
downstream of reach 3.

Additionally, coarse matenal supplied to the river during the historical erosion of
the glacio-fluvial fill --as well as through present-day bank retreat-- may protect the bed
from degradation. While this sediment is not a lag deposit, it does reduce channel activity

through its relative immobility.

2.4) CHARACTERISTICS OF THE THREE STUDY REACHES

The three reaches selected for this study exhibit a range of sedimentological,
morphological and channel slope characteristics (figure 2.4.1); sedimentological data on
figure 2.4.1 was derived from bulk samples taken at the bar heads in each of the reaches.
Sediment sampling methodology is described in chapter 3. There are no tributaries to the
Sainte Marguerite in the stretch of river between the upstream- and downstream-most
reaches, and therefore the discharge through each of the reaches is essentially the same.

The upstream site --reach 1-- has the highest channel gradient, and the coarsest

sediment. The channel is relatively straight, with two lateral bars (bars 1 and 2, figure
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2.4.1). Upstream of the reach is a complex point bar, which stores a large amount of
sediment.

Reach 2 is 500 m downstream of reach 1, and exhibits similar sedimentological
characteristics and channel slope (figure 2.4.1). A terrace at the upstream reach limit
supplies large amounts of gravelly sand to the reach, which is reflected in the greater
range of substrate size. The reach morphology is dominated by a central point bar (bar 2);
the adjacent cut bank has been protected by rip rap.

The third reach is almost 4 km downstream, and has a much lower channel
gradient. It is located just upstream of the transition from gravel bed to a sand bed
channel pattern. The upstream boundary is located just below a loose, bouldery weir-like
structure built across the channel. The “weir” was likely emplaced in the 1970’s to
mitigate potential bed incision adjacent to the highway, or possibly to provide temporary
sediment storage upstream. The segment of the reach downstream of the weir is fairly
straight, and contains a lateral bar of fine gravel (bar 1), and a medial bar just downstream
(bar 2). Downstream, a meandering pattern develops; there is a fine gravel point bar (bar
3). followed by a sandy point bar (bar 4).

Reach sedimentology was characterized by bulk samples taken at the bar heads,
grid-by-number samples upon the bar surface at several other locations, and by field
sketches of the planimetric variations in sediment texture made upon detailed topographic
maps based on reach surveys. Sediment sampling methods are described in chapter 3, and
the sediment texture data is fully presented in Appendix A. Reach-scale sedimentology is
summarized in figure 2.4.2. Based on limited point sampling combined with visual
surveys, these maps illustrate the main patterns of bed material textures in the study
reaches.

There is little s