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ABSTRACT
Assessment of Management Strategies
for a Lowland Straightened Agricultural Stream

Yannick Rousseau

Channel straightening and dredging were extensively used in the 20th century
to enhance agricultural drainage and facilitate crop maintenance and harvest.
Although the adverse geomorphological and ecological effects of channelization are
widely acknowledged, the use of alternative management strategies remains marginal
in Southwestern Québec. Bank stabilisation projects are often carried out to mitigate
local erosion problems with little assessment of their effects at the reach and
watershed scales and with insufficient guidance on suitable designs. The objective of
this research is to assess the impacts of various management strategies by studying a

case of straightened agricultural stream.

Field measurements in the Richer stream, which drains a small agricultural
watershed in the St. Lawrence Lowlands, were used to parameterise a hydro-
morphological model at the watershed scale and a 3D computational fluid dynamics
model at the reach scale. The increase in stream power associated with the loss in
sinuosity since the 1930s has resulted in noteworthy erosion problems in the studied
watershed, in particular near residential development where there is limited space
available to establish riparian strips. The tested management strategies at the

watershed scale are the recreation of meanders and the installation of backwater



ponds whereas, at the reach scale, stream barbs and bed weirs are tested. These
management strategies are also assessed through a cost-benefit analysis which also

takes into account environmental and practical implementation aspects.

Results indicate that both the addition of ponds and re-meandering can
markedly reduce unit stream power, thus the potential for erosion. Hydraulic
structures such as stream barbs and V-shaped bed weirs re-align the flow towards
channel centre, thus reducing near-bank velocities. The re-meandering approach
involving natural vegetation regeneration has the highest overall effectiveness at the
watershed scale whilst V-shaped weirs are found to be moderately effective at the
reach scale. The diversification of flow conditions and channel morphologies
associated with these approaches were important factors contributing to their higher
suitability compared to other potential solutions. The modelling methodology used in
this study can help limit the uncertainty surrounding restoration activities by better
predicting the efficiency of proposed stabilisation techniques prior to their
implementation while considering specific stream and watershed characteristics as

well as ecological factors.
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Introduction

Throughout the last century, many streams in Europe and in North America were
straightened to drain agricultural fields more rapidly in the spring. These actions resulted
in increased food productivity and facilitated crop maintenance following the removal of
meander belts (Campbell et al., 1972; Hupp, 1992; Rhoads & Herricks, 1996; Scheumann

& Freisem, 2002; Simon & Rinaldi, 2006; Beaulieu, 2007).

Channelization reduced the frequency and magnitude of overbank flow events that
affected both individual land owners and infrastructure (Hupp, 1992). In the St. Lawrence
Lowlands in Québec, because of the financial benefits for the farming industry, channel
straightening and widening were supported and encouraged by governmental authorities
from 1917 to 1986 (Ministry of Agriculture, Food and Fisheries [MAFF], 2001). It is
estimated that 30,000 km of meandering rivers were straightened in the St. Lawrence
Valley between 1944 and 1976, and an additional 14,000 km of straight ditches were
created, draining approximately 1.5 million hectares of land (Boutin et al., 2003; Beaulieu,
2007). Since then, dredging has been used regularly to re-establish the modified channel
dimensions (Beaulieu, 2007). Because straightened rivers have a tendency to return to a

meandering layout, bank instability is commonly encountered in channelized streams.

From both ecological and geomorphological perspectives, many of the
straightening projects involve unsustainable practices (Brookes & Sear, 1996;
Frothingham et al., 2002). However, there is a general paucity of available information
about past restoration projects (Bernhardt et al. 2005; Brooks & Lake, 2007). Overall,
these interventions are perceived as ineffective in achieving channel stability or habitat

enhancement goals (Thompson & Stull, 2002; Shields et al., 2003; Thompson, 2006).



Different strategies and methods are employed worldwide to mitigate erosion
problems in straightened agricultural rivers and streams. However, some countries appear
to be moving forward more rapidly than others in the implementation of sustainable
practices. This may be due in part to cultural differences and legislative restrictions. An
adequate understanding of the contextual limitations is therefore essential for the
implementation of socially acceptable restoration projects. Here, the Richer Stream,
located in south-western Québec, is used as a case study to identify some of the bank
stabilisation methods and management strategies that could be used to remedy instability
problems in a straightened agricultural channel. Numerical modelling is employed to
assess the effectiveness of four approaches that may be beneficial to bank stability: (1)
the installation of backwater ponds, (2) the re-creation of meanders, and the installation
of (3) stream barbs or (4) bed weirs. In addition, the technical feasibility, social
acceptability and economic costs of these methods are investigated through a cost-benefit
analysis. Finally, the short- and long-term benefits and consequences that these

transformations may have on biodiversity and habitat quality are discussed.



Chapter 1 — A review of the existing channel stabilisation methods

1.1. Channelization
1.1.1. Geomorphologocial and hydrological effects

Meandering rivers represent a stable channel planform on shallow slopes with fine
grain size and limited sediment supply (Church, 1992). Bed topography of meandering
rivers generally consists in a sequence of alternating riffle and pool features, the former
being shallower and wider than the latter and covered with coarser materials (Trenhaile,
2007). Straightening involves the cutting of river bends and the removal of bedforms that
contribute to the geomorphological heterogeneity of a channel; dredging is the occasional
removal of shoals which may accumulate as point bars (Brookes, 1988). The purpose of
this strategy is to reduce flood level in a reach by increasing flow velocity, and to widen
and deepen the channel to constrain the flow in the channel and lower the water table to

improve agricultural efficiency (Brookes, 1988; Rhoads & Herricks, 1996).

These interventions also lead to the simplification and homogenisation of cross-
sectional geometries (usually trapezoidal) and dimensions, stream planform, substrate type
and flow patterns, and in the smoothing of bed topography (Brookes & Sear, 1996;
Frothingham et al., 2002). The increase in channel slope at the watershed scale was
reported to be 23% in Illinois (Rhoads & Herricks, 1996), 33% in Indiana (Brookes, 1988)
with local increases up to 63% in the Richer Stream, Québec (Rousseau & Biron, 2009).
The shorter channel path increases flow velocity, bed shear stress and the volume of
sediment transported downstream, causing vertical incision, bank collapse within the
straightened reach and downstream deposition (Brookes, 1988; Simon, 1989; Surian &

Rinaldi, 2003; Simon & Rinaldi, 2006). Vertical incision or degradation progresses



upstream as a knickpoint, although it may be weakened by an armoured layer or stopped
by bedrock outcrops (Brookes, 1988; Simon & Rinaldi, 2006; Zawiejska & Wyzga, 2010).
However, the current practice in Québec is to dredge channels to maintain their conveying
capacity which destroys bed armouring and gravel streambed internal structure in the case
of gravel-bed rivers, contributing to particle entrainment and channel instability (Wyzga,

2001).

Straightening also increases peak discharge, eliminates flooding, and reduces flood-
wave travel time (Campbell et al., 1972; Rhoads and Herricks, 1996). The increased
discharge created by the elimination of floodplain storage and the increased hydraulic
efficiency in straightened channels may cause downstream flooding (Campbell et al.,

1972; Brookes, 1988; Lau et al., 2006).

COArse < emmpe- fine

sediment size

flat <f— steep

channel slope
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Figure 1.1. Balance model for aggradation and degradation of channels, emphasizing
changes in the relationship between discharge and sediment supply. Redrawn from a
widely circulated diagram that originated as an unpublished drawing by W. Borland of the
USA Bureau of Reclamation, and was based on an equation by Lane (1955). From Blum
and Térnqvist (2000)



By increasing the channel slope, straightening disrupts the so-called equilibrium
between stream power and sediment supply in streams (Lane, 1955; Figure 1.1). Stream
power is the rate of energy expenditure that is available to trigger stream bank erosion
and sediment transport (Stefanovic & Bryan, 2009). The anticipated sequence of
adjustments of a channel following straightening includes bed degradation, bank
slumping, armouring, development of a sinuous thalweg, sinuosity recovery, and
development of a sinuous course by deposition (Brookes, 1998; Surian et al., 2003).
When considering ecologic in addition of geomorphic attributes the evolution is
described with a 6-stage model (Hupp, 1992). This model assumes an initial aggrading
meandering channel with low, convex-upward banks subject to limited mass wasting due
to mature and diverse riparian community. The channel then gets channelized with a
complete removal of in-stream and riparian vegetation and eventually recovers from
disturbance with regards to geomorphic and ecologic attributes on average 65 years after
channelization (Simon, 1989; Hupp, 1992). During the recovery process, the channel will
evolve from a degradation stage to an aggradation stage with an intermediate stage also

called the threshold stage.

A straightened channel adjusts locally to the new dynamics associated with the
construction works. Deepening is expected to be maximal near the upstream limit of a
modified reach and trigger headward erosion from that point (Simon & Rinaldi, 2006).
The disruption of channel bed and banks then contributes to releasing sediments to
downstream reaches (Brookes, 1985; Sear, 1996, Simon & Rinaldi, 2006). However, low
energy streams generally undergo aggradation and stabilisation phases (Simon & Rinaldi,

2006). In the absence of maintenance, lateral bars can develop at the bottom of a drainage



ditch, leading to a two-stage channel that provides environmental benefits compared to a
dredged channel (Landwehr & Rhoads, 2003). In the years following channel alteration,
other transformations can occur to adjust to the new frequency and magnitude of
discharges (Schumm, 1977). Also, downstream plants may be unable to adapt their
rooting system to the substrate rising due to sedimentation (Brookes, 1988). The
importance of these transformations can be predicted using a series of equations referred

to as the stepwise regression technique (Brookes, 1985).

1.1.2. Ecological impacts of channelization

In many countries, the decision about whether or not a stream should be
channelized is determined using cost-benefit analyses (Brookes, 1988). A solution is
considered optimal if the costs are minimized while the desired benefits are maximized.
The costs are those related to study, design, engineering, supervision, and compensation
while the benefits relate to urban and agricultural aspects, traffic, public services, and
human health and security. Potential adverse environmental effects are thus often not part
of the equation (Brookes, 1988) and erosion processes are viewed as mainly negative due
to potential loss of land and resource, damage to property and infrastructure, and
alteration of downstream channel morphology and flood carrying capacity (Piégay et al.,
2005a). However, erosion is part of the natural dynamics of rivers and it increasingly
being recognized as playing a key role in ecosystem services and other benefits such as
self-restoration and preservation of riparian diversity (Piégay et al., 2005a; Florsheim et
al., 2008). Erosion helps increasing riparian diversity in many ways (Florsheim et al.,
2008). Firstly, it provides a sediment source that creates riparian habitat. Secondly, it

creates and maintains diverse natural structure and habitat functions including food



source, cover and extreme temperature attenuation (Frothingham et al., 2002). Finally,
erosion modulates changes in channel morphological characteristics including bank
angle, substrate heterogeneity and habitat patterns (e.g. vegetation succession, sunlight

intensity) (Florsheim et al., 2008).

Suppression of vegetation

The distribution of in-stream and riparian vegetation is controlled by variation in
fluvial geomorphical processes in response to the channel bed slope increase resulting
from straightening (Hupp & Osterkamp, 1996). Vegetation is also affected by dredging
activities either because of direct plant removal or environmental changes such as
substrate alteration, channel re-sectioning, soil moisture and morphologic variability in
channel bed and banks (Brookes, 1988). These changes in vegetation composition affect
species composition and macroinvertebrate, fish, avian and mammal productivity
(Brookes, 1988). For instance, riparian vegetation contributes large woody debris due to
natural, biological, mass wasting, or anthropogenic land use changes (Simon et al., 2004).
These debris control hydraulic conditions such as flow velocity and discharge and
morphologic aspects such as the frequency of pools and bars, channel roughness, shear
stress, bedload transport rate and reach average grain size (Montgomery & Piégay, 2003).
Benthic and riparian organisms can use the debris as stable substrate (Florsheim et al.,
2008). The removal of such features considerably reduces the availability and diversity of

aquatic habitats (Montgomery & Piégay, 2003).

Water quality

The disturbance caused by channelization can trigger incision processes which

contribute to increasing sediment concentration, turbidity and phosphorus content



(Shields et al., 2010). Water and bio-physical qualities of a stream are also affected by the
increase in sediment transport capacity resulting from the densification of the
hydrological network (Beaulieu, 2007; Licursi & Gomez, 2009). These impacts are often
combined with those occurring as a result of the installation of artificial drainage systems
and by changes in cultural practices, fertilisation method, crop type, climate and land use,
and may increase peak runoff rates, sediment and nutrient loads (Skaggs et al., 1994).
The intensification of subsurface land drainage lowers water tables, increases infiltration
capacity, thus reducing peak flow and sediment loss, and altering pollutants outflow;
losses in phosphorus and organic nitrogen are generally reduced while losses in nitrate-

nitrogen and soluble salts are increased (Skaggs et al., 1994).

Effects on fish population

Straightening severely impacts fish population density, size and diversity by
altering their capacity to feed, migrate, breed and shelter (Brookes, 1988; Rhoads et al.,
2003; Shields and Rigby, 2005). For instance, the increased flow velocity created by
channelization affects centrarchid species which need stable currents and depths to create
spawning nests (Lau et al., 2006). Dredging disturbs substrate and affects feeding and
reproductive activities by degrading spawning grounds, and altering egg and larval
growth (Brookes, 1988; Lau et al., 2006). Channel incision caused by unstable channel
can severely degrade aquatic physical habitat and reduce fish species richness (Shields et
al., 2010). Silt deposits also reduce the food available for fish by killing bottom-dwelling
organisms (Brookes, 1988). While straightening reduces the overall habitat area,
dredging removes fish cover such as undercut banks, overhanging shoreline vegetation,

deep pools, logs and boulders (Brookes, 1988; Licursi & Gomez, 2009). In natural rivers,



the accumulation of fallen logs and leaf-litter debris creates damming or temporary pools
which reduce current intensity; removing these features increases flow velocity further
and eliminates drought relief mechanism they offer (Lau et al., 2006). The removal of
riparian vegetation and associated shade heats surface waters and results in algal blooms
and oxygen-robbing effects from decomposition (Lau et al., 2006). Finally,
channelization removes pool and riffle features, altering fish habitat and eliminating

intolerant species (Lau et al., 2006).

1.2. River management

River management is the process of designing and operating management programs
to achieve specific ecological, economical and social river-related objectives. Despite the
growing number of solutions proposed to stabilise straightened lowland agricultural
streams or streams whose natural development is subject to space limitations, current
river management strategies in some countries such as Canada still incorporate a
recurrent dredging procedure (Brookes, 1988; MAFF, 2001; Piégay et al., 2005a). This
section lists and explores some of the alternative management schemes. It also includes a
summary of the nature, purpose and effectiveness of some of the documented hydraulic
structures and bioengineering techniques that are expected to help achieving these
objectives. However, these structures and techniques are generally used to enhance bank
protection by increasing erosional resistance rather than treating the causes of erosion

(Hey, 1996; Brookes & Sear, 1996; Florsheim et al., 2008).

1.2.1. Perspectives on management
Three degrees of interventions are distinguished, depending on the extent to which

the structural and functional characteristics of a channel are to be re-established with



respect to the pre-disturbance state. Restoration consists of the complete recovery of
former characteristics and rehabilitation in the partial recovery whereas enhancement
corresponds to any improvement (National Research Council, 1992; Rhoads & Herricks,
1996; Shields et al. 2003). For instance, some of the adverse environmental impacts of
channel realignment and dredging could be greatly reduced by minimizing the extent of
the modifications undertaken in terms of channel dimension, sinuosity, roughness,
geometry, and vegetation cover and composition (Brookes, 1988). This can be achieved
by limiting excavation and fill works, and performing selective modifications (e.g. modify
a single bank when widening is envisaged) in order to preserve biological richness,
improve aesthetics and avoid sensitive habitats. Replanting vegetation consisting of native
species and installing original substrate will stabilise the channel before the next flood in
addition of setting conditions similar to those of the original configuration (Brookes and
Shields, 1996). Although the resulting channel is far from its initial conditions, improving

the maintenance procedure favours a faster recovery of river functions.

The selected strategy may integrate both ecological and financial aspects (Rhoads &
Herricks, 1996; Frothingham et al., 2002; Piégay et al., 2005a). For instance, an erodible
corridor allows a river to self-regulate (i.e. migrate freely) within a defined zone to
minimize channel maintenance and protect public infrastructure and dwellings outside the
corridor (Piégay et al., 2005a). The ecological benefits of this strategy are to enhance the
diversity of geomorphic features, which can be beneficial to aquatic and riparian species
(Florsheim et al, 2008). The acquisition of property rights within the corridor can be
obtained by negotiation with owners or by the outright buying of property (Piégay et al.,

2005a). A river corridor approach is now widely promoted in the state of Vermont not

10



only to reduce flood hazards but also because the implemented easements are expected to
reduce channel management costs by 70% in unstable reaches (Vermont DEC, 2009;
Kline and Cahoon, 2010). This approach also allows sediments and nutrients to be

captured, enhancing the health of lakes and rivers.

Stream restoration programs must consider the causes, direction, and speed of
morphological change (Shields et al., 2003). The incorporation of geomorphological
principles into river engineering practices then facilitates the establishment of sustainable
long-term management strategies by ‘“reactivating geomorphic processes at both the
watershed and at the reach scale” (Rhoads & Herricks, 1996, p. 297). These principles can
be achieved with the modification of discharge regulation, bed load input from watershed,
corridor management, and channel maintenance and structure. Assuming a good
understanding of the river’s behaviour and a regular follow-up, these subtle adjustments
allow riparian habitats to be maintained. Naturalisation, the implementation of a socially-
acceptable management strategy that is expected to increase the geomorphological
heterogeneous in shape and planform of a specific channel (Frothingham et al., 2002;
Schwartz & Herricks, 2007) can be implemented with de-channelization, i.e. the
relocation of a river inside its initial channel. Geomorphic features such as bars, riffles and
pools, diversity and functions are expected to redevelop quickly with such a strategy. The
habitat value is enhanced by providing a wider range of geomorphic features, a higher
concentration and better vertical distribution of dissolved oxygen, and refuges with cooler
temperatures for warmer months (Toth, 1996). However, fluvial features and vegetation
are expected to develop rapidly in a freshly cut sinuous reach without having to create bed

forms or to seed the banks (Gurnell et al., 2006).
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1.2.2. Hydraulic structures

Hydraulic structures are often referred to as hard-engineering methods because their
underlying river management approach relies on the installation of unnatural in-stream
physical components such as dams, energy dissipators and deflectors to alter river flow, or
as revetments for bank protection. The use of these structures was widespread during the
last decades as a way to prevent or mitigate erosion problems, improve fish habitat quality,

or both.

Dams and weirs

Dams allow water impoundment and are divided into three groups, depending on the
type of material used: loose rock or boulder dams, log dams and check dams (assemblages
of man-made materials). They may also take different shapes to serve specific in-stream
functions. Log weirs can be used to mitigate stream incision and bank instability as
illustrated in an experience of rehabilitation conducted in a steep colluvial valley channel
near Lake Oswego, Oregon, where nine consecutive channel-spanning log weirs (each one
tied to a stepped log cribwall bank structure) were manually installed (Morris & Moses,
1998). Natural features such as beaver dams can help reversing channel incision whilst
providing environmental benefits (Zawiejska & Wyzga, 2010). The presence of a dam
leads to bed aggradation which can provide support for the development of riparian
vegetation that will eventually reconnect the floodplain to the channel. The resulting rise
in water table ensures a more important base flow and provides cooler water temperatures

in the summer months.

Grade control structures

The challenges facing the rehabilitation of steep channels include the re-
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establishment of grade control, the dissipation of excess energy and the shoring-up of
oversteepened stream banks (Morris & Moses, 1998). Although straightening is usually
associated with lowland regions, it is reasonable to assume that a straightened river may
also be considered steep due to the planform changes (i.e. meanders removal) that results
in increased bed slope compared to historical conditions. Grade control structures can take
various forms, depending on the type of structure used and whether they are constructed
using natural or artificial material. In all cases, they are designed to dissipate energy in a
flow that runs through a steeper and shorter armoured channel section (Pagliara &
Chiavaccini, 2006). In addition, grade control structures prevent excessive sediment in the
bed from being eroded and deposited in a downstream reach while stabilising upstream
banks and beds due to reduced bank heights (Mendrop & Little, 1997). Environmental
benefits associated with the installation of such structures consist of pools upstream of the
weir, higher channel bed substrate stability and fast natural rejuvenation of vegetation
cover on formally eroded banks (Mendrop & Little, 1997). When a block ramp is used to
provide grade control, the amount of dissipated energy is a function of the concentration,
layout and roughness of the boulders (Pagliara & Chiavaccini, 2006). Four types of
structure are primarily used by the U.S. Corps of Engineers. Low drop grade control
structures are employed to intercept head-cuts migrating upstream if vertical drop is less
than 2-m high. High drop grade control structures are used in deeply incised channels to
intercept head-cuts for vertical drop up to 4.3 m; this results in raising the bed upstream of
the structure. Box culvert grade control structures are used instead of bridges and culverts
to establish a vertical grade up to 2.7 m. Finally, riser pipe grade control structures are

employed to reduce lateral gully erosion by transporting the water from the floodplain to
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the channel through underground pipes (Mendrop & Little, 1997).

Thorough examination of such structures in western lowa suggests that the
movement of riprap is the leading cause of the decrease in performance and durability of
these structures in streams with large flow discharges (Gu et al., 1999). Other problems
include downstream erosion of stilling basin, downstream and upstream side-slope
instability (which sometimes induces mass movement of riprap), displacement of
engineering fabric, erosion around ends of weirs, seepage under concrete blocks and
through grouted riprap, settlement of concrete blocks, and the disruption of downstream
sediment transmission (Gu et al., 1999; Simon & Darby, 2002). However, many of the
structural deterioration problems are caused by poor maintenance (Litvan et al., 2008).
Since these structures trap sediment, they cause the stream to be more abrasive

downstream which can produce bed lowering (Mendrop & Little, 1997).

Grade control structures may be used instead of drop structures to cope with
ecological concerns (Pagliara & Chiavaccini, 2006). However, these structures can hinder
or obstruct fish migration (Thompson & Stull, 2002). Those designed with steep gradient
or damaged structures are especially likely to act as a barrier for fish during periods of low
or high flows or when the resulting flow velocities and depths are incompatible with fish
migration capabilities (Litvan et al., 2008). Non-migratory fish species may also be
affected by the installation of these structures if they move within their resident stream.
Therefore, it is recommended to use a 1:20 (or gentler) slope and to plan a water depth
varying between 0.3 and 0.4 m in order to facilitate fish passage under a wide range of
flow conditions (Litvan et al., 2008). However, a balance must be reached between

economic costs and stream rehabilitation goals as the cost of these structures increases as
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slope decreases (Litvan et al., 2008).

The installation of a grade control structure results in the formation of a downstream
hydraulic jump as the supercritical flow (produced by flow acceleration on the falling limb
of the structure) becomes subcritical due to a sudden increase in flow depth, causing an

abrupt decrease in flow velocity and dissipating energy. A supercritical flow has a Froude
number (F =V/1/g -Y where V is flow velocity, g is the acceleration due to gravity, and

Y is flow depth) that is greater than 1 whereas a subcritical flow as a Froude number that is
less than 1 (Dingman, 1984; Knighton, 1998). Such natural process can be mimicked by
installing various materials or structures in a section where flow energy needs to be

reduced.

Screens

Vertically-placed screens are effective in dissipating energy downstream of small
hydraulic structures, and protecting these structures against scouring (Bozkus et al., 2007).
The parameters affecting the screens efficiency include porosity, thickness, and location.
A porosity of 40% was found to be the most effective (Rajaratnam & Hurtig, 2000;
Bozkus et al., 2007). Double screens were found to be slightly more effective in
dissipating energy but also stronger than single screens (Rajarathnam & Hurtig, 2000).
These results were obtained from experiments performed in laboratory setting and their
implementation may not be possible in all rivers due to the accumulation of debris that

may occur or due to the damage they may induce.

Deflectors

Deflectors are hydraulic structures of various shapes and building materials that are
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used both in bank protection and in fish habitat development. Various terms are used to
refer to these hydraulic structures. Barbs, groins, spurs and dykes refer to these
unsubmerged structures whereas vanes refer to submerged deflectors (Haltigin et al.,
2007; Practical Action Nepal, 2007). Submerged vanes are small profiled deflectors that
can be used in a channel bend bed to reduce flow velocity and concentrate the flow in the
center of the stream without constraining fish movement (Paice & Hay, 1989). Barbs are
dike-like stone structures that can be used to protect stream banks against undermining
and local erosion in the outer-bank region of a sharp bend and promote sediment
deposition. The system performance depends on parameters such as barbs alignment and
location, and the channel bend curvature (Matsuura & Townsend, 2004; Minor et al.,
2007). Groins consist of piles (often woody) laid out in rows, anchored to the bed, and
overtopping the water surface to protect specific banks from erosion; the key variables
affecting the efficiency of the system are the depth of the pile embedment, flow velocity
and discharge and cohesion (Abam, 1995). Spurs protrude in the river and redirect the
course of a river away from a vulnerable bank (Practical Action Nepal, 1997). Finally,
dykes are structures made of individual rocks that protrude in the river from the sides to
protect its banks from high flow velocities (Practical Action Nepal, 1997). Gabions, wire
cages filled with rocks, can be used to decrease construction cost and provide good

stability of spurs and dykes.

Bank infrastructure

Some other structures provide bank protection without significantly redirecting the
course of water. Channel bank infrastructure such as riprap or lining is often used to limit

land loss and associated hazards and damages (Florsheim et al., 2008). Riprap stabilises

16



banks by reducing the effect of erosional processes using rocks that resist hydraulic
forces; variables affecting the performance of this type of revetment include the size,
shape, gradation, quality and thickness of the layer of rock, discharge or velocity and
slope (Gu et al., 1999). However, bank infrastructure does generally not address bed
incision and may be ineffective over multidecadal timescales if a flood exceeds the
magnitude for which the infrastructure is designed (Florsheim et al., 2008). For instance,
the repetitive failure of the bank infrastructure installed between 1975 and 1979 in the
Little Choconut Creek, near Binghamton, New York is explained by the use of bed
sediment to form protection structures, the lack of adequate foundations to avoid basal
scour, and the placement of structures near strong secondary currents (Brookes, 1988).
Hard structures may also encourage more damaging erosion events since they do not
allow geomorphic adjustments except incision (Florsheim et al., 2008). As mentioned
above, bank infrastructure prevents the ecological benefits associated with bank erosion

(Florsheim et al., 2008).

A protection apron may however be effective in preventing erosion when installed
on the concave bank of an acute bend (Jueyi et al., 2006). The side effects of using such a
structure include scour along the outside wall of the downstream section and the
accumulation of sediments along the inside wall. Those impacts are attenuated by the
inclination and smaller dimensions of the protection apron. Since scour depth is related to
flow obstruction, upstream-oriented embankments result in maximum scour depth as
opposed to those oriented toward the bank at a certain angle (Chang, 1988). Local scour
decreases with increasing protection apron, and transversal and longitudinal scours

decrease with decreasing protection apron slope (Jueyi et al., 2006). The results obtained
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from flume experiments suggest that scour volume increases with spur dike volume and
that an increase in overtopping flow ratios (i.e. flow depth divided by dike height) moves
the location of the scour zone downstream of the dike towards the bank (Kuhnle et al.,
1999). Some other parameters affecting scour include the grain size of the channel bed
material, the incoming velocity, and water depth (Jueyi et al., 2006). Scour along instream
structures can also provide pool habitat which can be beneficial for fish species. Spurs of
various lengths and inclination were found to increase fish biomass by 1.2 to 15 times
when compared to continuous stone toe protection running parallel to bank (Kuhnle et al.,

1999).

Limitations

Three limitations are recognized in the use of hydraulic structures. Firstly, there is
no common agreement on their effectiveness, on the type of building materials and on the
most appropriate design to use (Biron et al., 2004). Secondly, “basic watershed processes
remain misunderstood” (Thompson & Stull, 2002, p. 14). For instance, many projects
involving paired deflectors to maintain deep pools were unsuccessful due to the lack of
knowledge about the complex three-dimensional flow dynamics created by this type of
hydraulic structure (Haltigin et al., 2007). The lack of knowledge about physical processes
will be more acute for structures that are less frequently used. Lastly, bank protection
might not be beneficial in a case where erosion is already taking place (Shields et al.,
2003). Also, most of the documented assessment reports involving hydraulic structures
suggest that many of the installed hydraulic structures failed either because they were
destroyed by floods or because they reduced aquatic species diversity and disrupted

invertebrate populations (Thompson & Stull, 2002; Kondolf & Yang, 2008).
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1.2.3. Flow retention facilities

It is also possible to inhibit stream hydrology by retarding water input in the channel
in order to reduce peak flow discharges. Without altering land use, this can be achieved
with the installation of backwater ponds or retention basins. In the former case, water is
free to move from the stream to an accumulation pond as the flow discharge increases
over a certain value. Brent River Park regeneration Project used such structures (Brent
Council, 2010). Retention basins can serve different purposes: hydraulic purposes,
sustainable drainage, environmental protection, recreational activities and landscape
aesthetics (Scholz, 2007). Based on 34 classification variables, Sholtz (2007) defines the
following basin categories: hydraulic flood retention basin, traditional sustainable flood
retention basin, sustainable flood retention wetland, aesthetic flood treatment wetland,
integrated flood retention wetland and natural flood retention wetland. When the primary
concern to be addressed is channel stability, hydraulic flood retention basins can be built
to retain water coming from the fields in addition to promoting sedimentation (MAPAQ),
2009). Two types of hydraulic retention basins are distinguished: dry and moist. The dry
basin is covered with grass and will evacuate water whenever water is available in the
basin. A humid basin will evacuate water only when a certain depth is reached within the
basin, thus it always contains water (except if it does not rain for a while and all the water
body evaporates completely) and requires water-tolerant vegetation species. Although the
latter type would certainly enhance biodiversity by extending the humid zone, the former
is probably more realistic in an agricultural context which requires the soil to be dry to a
certain depth for better crop growth. Although the size of retention basins is strongly

linked with climate conditions, the capacity of the retention basin should lie between 60 to
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200 m¥ha (MAPAQ, 2009).

1.2.4. Vegetation for ecological management

The use of vegetation to enhance river stability is recognized as a soft-engineering
approach because it uses natural river constituents (e.g. shrubs, trees) to enhance bank
cohesion and limit sediment input by overland and instream flow. If used appropriately,
vegetation can help the river self-sustain and can markedly enhance channel habitat
quality and diversity. The temporary installation of unnatural structures may be employed

to facilitate the establishment or re-colonisation by vegetation.

Vegetation

The importance of vegetation is often highlighted in the geomorphology and ecology
literature (Abernethy & Rutherfurd, 1998; Beechie et al., 2010). For instance, simulations
performed with the two-dimensional depth-averaged model mRIPA suggest that high
density riparian stripes constituted from trees having deep and extensive root network can
enhance bank stability and reduce floodplain area loss, and therefore influence channel
planform evolution and bed topography (De Wiel & Darby, 2004). Using field
measurements, Micheli et al. (2004) found agricultural floodplains to be 80 to 150 percent
more susceptible to erosion than riparian forest floodplains. Soil strength could be
increased compared to bare soil by maintaining a riparian vegetated strip consisting of
woody and grass species. However, the net effect of this approach on channel bank
stability varies with plant species assemblage and moisture content (Simon & Collison,
2002; Simon et al., 2006). Nevertheless, a riparian strip consisting of a combination of
shrubs and trees is expected to enhance vegetation colonisation and channel narrowing due

to improved channel stability (Malkinson & Wittenberg, 2007). In addition, riparian zones
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increase the overall catchment’s response times to precipitation events, decrease peak

discharges, and reduce associated erosion processes (Anderson et al., 2006).

Plant roots interact with the soil matrix by providing mechanical reinforcement. The
resulting increase in bank strength prevents mass failure in lower reaches (Abernethy &
Rutherfurd, 1998; Millar, 2000; Rey et al., 2004). Plants are most efficient in improving
stability over a range of bank geometries when used along failure planes under worst-case
hydrological scenarios (Abernethy & Rutherfurd, 2000). In addition of varying spatially
and temporally in magnitude, the effect of root reinforcement decreases as soil moisture
increases and shear strength decreases (Pollen, 2007). Variability in the distribution of
living roots from different species is more significant for root reinforcement than the
variability in the strength of individual roots (Abernethy & Rutherfurd, 2001). However,
there is threshold diameter above which any root will break when subject to a certain

stress, and below which it may either break or be pulled out (Pollen, 2007).

In addition to mechanically altering bank cohesion, vegetation affects sediment
transport processes. In-stream vegetation decreases near-bank flow velocity and associated
particle entrainment in mid-basin reaches by protecting soil particles against raindrops,
trapping and retaining sediment, increasing infiltration rate, and decreasing erosion
potential by runoff (Abernethy & Rutherfurd, 1998; Millar, 2000; Rey et al., 2004; Lau et
al., 2006). Vegetation density is a key factor controlling velocity reduction and flow
diversion (Bennett et al., 2002). Carline and Walsh (2007) reported 47-87% and 75-83%
reductions in total suspended load five years after the installation of a three-meter buffer
strip, respectively for base and storm flows. Foliage significantly inhibits the sub-aerial

processes causing erosion in the upper reaches of a stream by minimizing soil surface
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weathering and by reducing sediment transfer rate from the banks to the flow (Abernethy

& Rutherfurd, 1998).

When comparing the functions of plant types, individual trees act more locally than
shrubs since the latter contribute both to the reduction in near-bank flow velocity and to
soil cohesion (Malkinson & Wittenberg, 2007). Similarly, in order to maximize the
effectiveness of a steep slope stabilisation project, the choice of plant species should rely
on factors such as soil type and use, plant capacity to hold soil particles by its root system,
physical structure, leaf area coverage, and tolerance/requirements in terms of local

temperature, moisture, and sunniness (Morris & Moses, 1998; Rey et al., 2004).

Well-developed riparian vegetated strips also prevent fertilizers and pesticides from
polluting the stream (Lau et al., 2006). A greater diversity enhances productivity in plant
communities which leads to greater nutrient retention (Tilman, 2000). For instance, a
monitoring study conducted in lowa reported an important reduction in nitrate-nitrogen
levels (from 12 mg/L to less than 2 mg/L) four seasons after the implementation of a
riparian multispecies vegetated strip (Schultz et al., 1995). Such a strip also provides
habitat to wildlife, produces biomass for on-farm use and high-quality hardwood for the

future, and enhance the aesthetics of the agroecosystem (Schultz et al., 1995).

Bioengineering

Bioengineering bank stabilisation projects involve the installation of vegetation on
surfaces affected by erosive processes in order to reduce the speed at which a bank erodes
(Sudduth & Meyer, 2006). Such strategies can be implemented as a flexible treatment at
the edge of built and natural environments to allow self-adjustment of the stream

dimensions and profile and thus protect engineered structures (e.g. bridge abutments) that
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may otherwise be damaged by scour (Li, 2006). The degree of erosion caused by rainfall,
runoff and wind, and the amount of suspended sediments both decrease significantly with
the use of geosynthetical mulching mats; theses membranes facilitate the establishment
and growth of seeds and vegetation on steep slopes by holding seeds and fertilizers and
preventing them from being washed away (Ahn et al., 2002). Mats, also referred to as
rolled erosion control products (RECPs), are biodegradable to reduce long-term
environmental impacts, light weight and portable for ease of installation, and capable of
holding high water content while remaining substantially unaffected (Ahn et al., 2002;
Rey et al., 2004). Other methods used include wattles (straw rolled in natural geotextile
fibres, placed in trenches and staked down), coir roll (cylindrical structures to anchor plant
roots), live fascine (cuttings tied together in linear cylindrical bundles), live brush mattress
(branch cuttings placed on the bank face), brush layering (live cuttings installed into
stream banks between layers of soil), and live willow stakes (live and rootable willows
planted into the soil) (Frothingham, 2007). Contrasting permissible and actual values of
velocity and shear stress for different types of bank stabilisation materials can be obtained
from a stability threshold analysis, which provides a range of stabilisation approaches for

eroding banks (Frothingham, 2007).

The Québec provincial laws require a riparian zone at least three meters wide in
agricultural areas; this measure would be sufficient to capture fertilizers, pesticides and
eroded soil particles, but insufficient for most plant and animal species requirements; plant
species require a buffer zone 10 to 30 m above high water mark, and birds 75 to 175 m
(Spackman & Hugues, 1995; Boutin et al., 2003). In addition to stabilising banks,

bioengineering has a small positive ecological effect on bank habitat and macro-
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invertebrate communities in urban streams; an increase in biodiversity and biomass was
noted and associated with increased root and wood habitat (Sudduth & Meyer, 2006).

Higher plant diversity reduces nutrient losses which benefits water quality (Tilman, 2000).

1.2.5. Channel layout and morphological alterations

Environmental alternatives to traditional engineering methods such as straightening
include relief channels, partial dredging, distant flood banks, two-stage channel beds and
river corridors (Hey, 1996, Piégay et al., 2005a). A relief channel is used to divert the flow
above a given stage away from the main channel. Partial dredging limits dredging to the
central section of a channel to increase its cross-sectional area. Distant flood banks are
built at the edge of meander belts to restrict overbank flows flooding to a strip of
floodplain whereas two-stage channels consist in the excavation of the upper section of the
floodplain adjacent to the river. These methods allow increasing flow capacity while
avoiding a complete destruction of habitats and flora, as is the case with straightening

(Hey, 1996).

Another alternative consists in the creation of a new irregular sinuous channel
having specific bankfull depth, slope and velocity (Hey, 1987; 1996). Several scenarios
should be envisaged in the design process, each of them accounting for parameters such as
channel-forming discharge, bed material size distribution, natural bed slope and meander
geometry (Shields et al., 2003). A channel can be designed using a reference reach from
the same hydrophysiographic region with a similar basin area and valley type to ensure
similar flow and sediment transport regimes. Valley parameters include width, slope,
materials, landform and vegetation density (Hey, 2006). The extent and magnitude of the

applied modifications should be minimal to restrict habitat disturbance. Stability checks
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may be performed to test stability and sediment transport for specific bed and bank
stabilisation solutions (Shields et al., 2003). In particular, bank gradient must take account

soil texture and the bank stabilisation method to be used (D’ Auteuil & Dubois, 1994).

In cases where channel remeandering is unachievable due to space limitation or
agricultural drainage restrictions, the installation of pool-riffle units in stable straight
channels (not undergoing significant active erosion) can enhance aquatic habitat by
providing some of the benefits associated with natural river morphology (Rhoads et al., in
press). Although pool-riffle sequences are usually found in meandering or sinuous-
thalweg channels, numerous case studies suggest that the pool-riffle sequence can be
preserved in low-gradient (< 0.01) channels with limited amounts of mobile bed material
(Rhoads et al., in press). Channel maintenance is provided by flow convergence which
requires the use of immovable material to perpetuate convergence, which is known to be
very important in pool formation (MacWilliams et al., 2006; Sawyer et al., 2010), and to

protect bank toes.

1.3. Restoration projects and public perception

As pointed out by Hassett et al. (2007), interviews with practitioners provide
information that is not necessarily available elsewhere and that should be captured in
some written form before the knowledge gets lost. Useful information includes the goals
and degree of success achieved in river-related projects, and the observations made
during their implementation and monitoring processes. The most common goals include
aesthetics/recreation/education, bank stabilisation, channel reconfiguration, fish passage,
floodplain reconnection, flow modification, in-stream habitat improvement and species

management, riparian management, stormwater management, and water quality
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management. However, the significance of these goals depends upon the perception of

river services.

Public perception of river functions is an important aspect to consider when
elaborating management strategies. For instance, woody debris in streams and rivers are
beneficial to aquatic and riverine ecology, as evidenced by the existence of strong linkages
between large woody debris and fish abundance and diversity (Montgomery & Piéegay,
2003). However, there are clear cultural differences in public perception among countries
and among disciplinary groups, notably in terms of aesthetics, naturalness, danger, and
need for improvements (Piégay et al., 2005b). According to a study aiming at assessing
the intuitive perception of the German population in respect to the use of woody debris in
streams and rivers for ecological benefits, the conditions influencing the population
perception included (1) personal experiences, knowledge and appreciation of the
wilderness appearance of natural forests and (2) the degree of environmental education
provided by mass media about the implementation of various projects aiming at
intervening in rivers while minimizing damages to the environment (e.g. forestation,
increasing water retention in natural upstream reaches) (Mutz et al., 2006). The
elaboration of a socially acceptable solution is therefore influenced by stakeholders’
education and communication among them (Piégay et al., 2005b) and is thus site-specific.
In some cases, public pressure results in restoration efforts, as was the case for the river
Gelsa, Denmark which was improved both in terms of aesthetics and recreational
opportunities (Nielsen, 1996). This example clearly demonstrates the influence of public

perception and power on decision making processes (Nielsen, 1996).

Contrasting perceptions also exist among disciplinary groups in the field of stream
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restoration (Piégay et al., 2005b; Mutz et al., 2006), notably in the definition and
assessment of success criteria. This argument is evident when comparing the perspective
of engineers versus that of geomorphologists or biologists. For instance, Mendrop & Little
(1997) suggests that grade control structures provide the stability required to accelerate the
rejuvenation of habitat diversity and enhance environmental aspects of the total watershed
system. Also, although Gu et al. (1999) identified nine common technical structural
problems associated with grade control-structures, no mention is made of the potential
adverse ecological effects that these structures may have. On the other hand, Litvan et al.
(2008) expressed concerns about fish passage criteria within grade control structures, as
well as identifying durability-related structural problems. In that study, fish migration was
found to be altered for four fish species in failed structures or in structures having a slope
between 1:13 and 1:18. Even the concept of erosion does not make unanimity: although
erosion was traditionally mainly recognized as damaging and costly (Piégay et al., 2005),
a growing number of scientists are now recognizing some of its benefits (Bravard et al.,

1999; Piégay et al., 2005b; Florsheim et al., 2008).

The integration and cooperation of experts from different disciplines including
geomorphology, engineering and biology therefore appears to be a crucial element in
reducing the uncertainty associated with restoration efforts (Thompson & Stull, 2002).
Public perception can also restrict the choice of socially acceptable restoration options,

thus it must be considered in any management program.

1.4. Fluvial processes modelling
Modelling is increasingly being employed in fluvial geomorphology to understand

landscape evolution and predict flow hydraulics and sediment transport in natural settings
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or in response to anthropogenic land cover and channel modifications (Lane & Ferguson,
2005). Several models can also be combined into a single model, as performed by Yeh
(2006) who calculated erosion, sediment yield, runoff, nutrient pollution and the

economic costs associated with land use in Keelung River, Taiwan.

Darby and Van de Wiel (2003) proposed a framework for applying modelling tools
in practical applications. Its major steps are problem identification and formulation,
reconnaissance and data collection, model selection and application, calibration and
validation, comparison of predictions, and results interpretation. The selected model must
be compatible with the scale of the phenomenon to be investigated. The following four
categories of models are recognized, each one generally applying at a specific scale:
conceptual (scale of a reach up to that of an entire landscape), statistical and empirical
(scale of individual cross-sections), analytical (usually at the scale of the river cross-
section), and numerical (no specific scale) (Darby & van de Wiel, 2003). A conceptual
model provides a qualitative description and some predictions regarding landform and
landscape evolution. In statistical models, functional relationships are implemented
between dependent morphological variables and independent variables such as sediment
load and discharge. An analytical model is based on the physical processes responsible
for the evolution of channel morphology. Lastly, a numerical model spatially represents
physical characteristics of a terrain in a grid of discrete values. Geomorphological models
can also be divided in two categories based upon their spatial application extent. A
watershed scale model is usually employed to study a phenomenon using one or two
spatial dimensions whereas a greater level of details may be required to thoroughly study

a phenomenon at a more local scale. In small-scale modelling (i.e. large area covered),
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the computation of details may be impossible due to technological limitations (i.e.

memory, duration) but may also be irrelevant for the selected scale.

The role of vegetation on channel morphology is known to be important, and
numerical modelling has been used to analyse the contribution of plants to soil strength,
by emphasising on the distribution and variation among species and types (Simon &
Collison, 2002). Furthermore, the transformation of a straight, degraded stream channel
into a meandering, ecologically functional river corridor following the planting of
emergent, rigid vegetation has been confirmed by the simulations of Bennett et al. (2008)
using the two-dimensional (2D) model developed by Wu et al. (2005). The results
suggest that morphological changes such as channel expansion and widening, thalweg
meandering and riffle and pool development are expected to occur in response to the
planting of rigid emergent vegetation and that the magnitude of these changes depends
upon the shape and density of instream vegetated. Channel meandering processes such as
downstream translation and lateral extension in non-cohesive banks can also be simulated
using a 2D hydrodynamic model (Duan & Julien, 2005). Furthermore, an integrated
modelling approach such as the GIBSI model can be used to predict the effects of various
timber harvest scenarios on runoff or to investigate the effects of management programs

aiming at improving water quality (Rousseau et al., 2000).

Many studies have focussed on modelling sediment transport and erosion
processes. For instance, Simon et al. (2003) studied bank-toe erosion caused by hydraulic
shear using a bank-stability model and a two-dimensional hydrological model that
simulates pore-water pressures (Simon et al., 2000). In this model, pore-water pressure

distributions, layering, confining pressures, reinforcement effects of riparian vegetation,
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complex bank geometries, and hydraulic effects are considered. Similarly, Chu-Agor et
al. (2008) investigated the changes in bank stability produced by seepage undercutting
using a general limit equilibrium bank stability model (SLOPE/W) and the output of a
second model that simulates pore-water pressures (SEEP/W). The CAESAR model was
developed to simultaneously simulate meandering and braiding processes in an attempt to
model channel migration (Coulthard & Van De Wiel, 2006). An improved version of the
model was developed to provide higher-resolution computations of flow routing,
sediment transport, sediment suspension and lateral erosion (Van De Wiel et al., 2007).
The model allows simulating morphological processes such as bar formation, floodplain

deposition, river bank erosion, channel migration, and terrace formation.

Rodriguez et al. (2004) proposed that flow velocity properties can be accurately
predicted in a sinuous channel using STREMR, a depth-averaged two-dimensional model
or FLOW-3D, a fully three-dimensional model. Jia and Wang (1999) reached the same
conclusion with CCHE2D, a two-dimensional hydraulic model after validating flow
hydraulics in a meandering irregular channel and around spur dykes. Since flow
hydraulics is directly related to channel morphology, a growing number of hydraulic
structures and management strategies can be tested before implementation, ideally with a
three-dimensional model. For instance, Jia et al. (2005) analysed flow characteristics
using the model CCHE3D around submerged weirs and concluded that these structures
are efficient in realigning the flow and thus facilitating navigation in channel bendways.
Three-dimensional modeling performed with the model SSIIM reproduced flow
conditions and the patterns of erosion and deposition in a series of seven stream barbs

(Jamieson et al., 2009). The same model was also used to predict flow changes following
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the installation of different layout of U-, V- and W-shaped weirs (Bhuiyan & Hey, 2007).

1.5. Summary and research objectives

The channelization of the hydrological network undertaken in agricultural
watersheds in the 20™ century was beneficial for crop productivity, farmers’ wealth and
social security. However, there is a growing consensus that the unsustainable management
approaches that are currently used should be reviewed and improved to better integrate
environmental and economical aspects. Despite ongoing research in fluvial
geomorphology and river engineering to improve our understanding of flow hydraulics

and channel dynamics, failures in river enhancement projects are common.

Numerical modelling can help identify the most effective management strategies for
channelized streams at relatively low cost since many variants of each alternative strategy
can be tested until the benefits are maximised. Since instability problems exist at the
watershed and local scales, different models are needed to understand and predict
responses at each scale. The objective of this research is to assess the hydrological and
geomorphological impacts of different management strategies to improve the stability of
an agricultural straightened channel using numerical modelling. At the watershed scale,
the management strategies are the installation of backwater ponds and the re-creation of
meanders. They are assessed using a numerical model based on that developed by
Rousseau (2008). At the reach scale, the tested strategies are bed weirs and stream barbs.
Their impact on flow hydraulics is analysed using a 3D computational fluid dynamics
model (Phoenics) in straight and meandering reaches, respectively. The technical
feasibility, installation ease, financial costs and environmental benefits that the four

management strategies are expected to bring are considered in their overall assessment.
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Chapter 2 — Methodology

2.1. Study site

The Richer Stream is located in southwestern Québec near the municipality of Saint-
Marc-sur-Richelieu, approximately 25 km east of Montréal (73.20°W, 45.68°N). This
second order stream is a tributary of the Richelieu River, which drains into the St.
Lawrence River. The Richer drainage basin covers 17 km2 and includes a 6.9 km long
stream and nine tributaries totalling 13.5 km in length (Figure 2.1). Its channel was
extensively modified between 1943 and 1986, resulting in a 32% average increase in
channel slope and a 9.9% increase in the cross-sectional area (Rousseau & Biron, 2009).
Only a few downstream reaches kept their initial natural planform since at least 1932, date

at which the oldest available aerial photograph was taken (Figure 2.1b).

Due to the instability of a straight channel in the geomorphological context of the St.
Lawrence Lowlands and the deficiency in bank protection, dredging is performed
regularly on the Richer Stream to re-establish the channel’s trapezoidal cross-sections and
linear planform. This expensive maintenance systematically removes any obstacle that
hinders stream flow, including vegetation, boulders and branches. As is the case in many
agricultural watersheds in the province of Québec, the vegetated riparian strip is very
narrow and sometimes non-existent. Land loss due to bank erosion is a source of concern
for riparian residential land owners and farmers. For this reason, dredging is seen by many
residents and decision makers as the sole realistic solution capable of solving this erosion
problem. Furthermore, the regional municipality of the county (RMC) of La Vallée-du-
Richelieu has a legal obligation to intervene quickly by dredging the Richer channel

following a complaint from land owners regarding bank instability. As the channel quickly
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Figure 2.1. (a) The Richr watershed and strem.
The points (*) correspond to the viewing locations in (b) Figure 2.2a and in (c) Figure 2.3.
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erodes again soon after the completion of dredging works, it typically leads to further

channel maintenance requirements.

This research involves investigating processes occurring at the watershed and reach
scales. The first study reach has been extensively straightened, and is located near the
municipality of Saint-Marc-sur-Richelieu (Figure 2.1a). It includes two unnatural sharp
bends where bank erosion is recurrent and flooding hazards are important (Figure 2.2). In
this reach, crops are found within the legally required 3-meter zone above high water mark
(Figure 2.2b). Sheds, fences and other private goods are sometimes located in this zone on
the urbanised side of the channel. The effects of bank erosion are significantly less
dramatic in the second study reach which is meandering (Figure 2.1b) and which is
completely surrounded by agricultural fields (Figure 2.3). In this reach, a pilot project is
currently testing biotechnical methods to strengthen stream banks that are already partially

naturally protected with mature riparian trees and shrubs.

Since straightening and dredging were widely used in industrialised countries in the
twentieth century, this case is representative of many agricultural watersheds in Québec

and elsewhere in Canada, United States and Europe. The results of the current study may

Figure 2.2. The straight study reach (a) at high flow in March 2009 and at (b) low flow in September
2007. The view is looking upstream from the point (*) indicated on Figure 2.1b.
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Figure 2.3. The meandering study reach (Figure 2.1c) showing (a) mature tree and rows of juvenile
native trees (looking upstream from point *1) and (b) bank stabilisation with coco jute, trellised
branches, and shrubs (looking towards the opposite bank from point *2).

therefore apply to other drainage basins facing similar problems.

2.2. Data collection and processing
2.2.1. Available data

Documentation spanning 1943 to 2006 and covering legal and technical aspects of
the Richer watershed was provided by Julie Thibodeau, stream coordinator for the
regional municipality of the county (R.M.C.) of La Vallée-du-Richelieu. Personal
communications with stakeholders (e.g. riparian residents, farmers and local authorities)
also helped understanding and quantifying some of the historical aspects of the

management process.

The Club Conseilsol Vert Cher, an agro-environmental group involved in promoting
ecological farming, gave us access to their GIS database on the Richer watershed for this
project. The database included a digital elevation model (DEM) of the watershed, geo-
referenced aerial photographs dating from 1932, 1964, 2000, 2004 and 2006, and land use,
vegetation cover, water runoff and land erosion maps. The DEM was built from a total of

3928 unevenly distributed elevation points (with significantly more points close to the
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stream). A high-resolution DEM (cell size of 6 x 6 m), relying on manual
photogrammetry, was also provided by the non-profit organisation Géomont. Because the
latter only detects the elevation of vegetation top rather than ground surface, both
elevation models were combined using the inverse distance weighting (IDW) interpolation
method in the GIS software ArcGIS (version 9.2) to maximize their respective strengths.
This DEM is subsequently employed to calculate the area of the drainage basin

contributing to the flow discharge at certain cross-sections.

Geomont also provided a database containing agricultural drainage plans for the
Montérégie region. The plans associated with the studied watershed were extracted and
georeferenced using ArcGIS. Since they were not updated since 1986, all drainage pipe
ends associated with the main stem of the Richer stream were identified on the field in late
autumn 2009. Their geographical coordinates were taken using a Garmin GPS (eTrex
Vista HCx). The objectives were to (1) determine if the pipe ends identified on the plans
were still in operation and to (2) verify if other drainage systems were added since the the

last update.

Although technical reports about the outcome of individual stream restoration
projects are sometimes available from the literature, few discuss the effectiveness of the
strategies employed in the province of Québec to stabilise channels. Following Hassett et
al. (2007), semi-structured interviews were conducted with a few managers and
practitioners involved in stream restoration. The objectives were to determine the methods
currently being employed in the field and the degree of success generally achieved in each
case. Mikael Guillou from The Ministry of Agriculture, Food and Fisheries of Québec

(MAFFQ) provided some useful information about the methods used in Québec. The staff
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from Geomorphic Solutions (Mississauga, Ontario) accepted to share their information
and to guide us in a field trip on various restoration projects they have conducted in
southern Ontario. Finally, Joanna Eyquem, a senior fluvial geomorphologist currently
working at Parish Geomorphic Ltd also contributed to this project. As she has also
extensive experience in river restoration in the UK, she provided useful information and

links about the restoration philosophy, methods and projects in that country.

2.2.2. Supplemental data requirements

This study required further field data to complement those already available from
previous studies. We have sent an information letter along with an access request form to
the owners of lands located next to the main stem of the Richer stream. Some of the
farmers were met in person to provide them with further details about the research project.
This process also provided useful information on their farming experience and on

undocumented historical aspects of the Richer Stream.

Watershed and channel topography

Bed channel topography measurements in the two studied reaches (Figures 2.1b,c)
were taken with a Leica total station model TC805L during the automn 2007 and summer
2008. The acquisition of topographic points is essential in the parameterisation of both the
3D flow hydraulics computational model, and the hydro-morphological model.
Approximately 1800 topographic points were collected over a distance of 350 m in the
straight reach (density of 0.39/m?2) (Figure 2.1b). Nearly 2600 points were taken in a 390-
m downstream meandering reach (density of 0.18/m?2) (Figure 2.1c). Points were usually
acquired by cross-sections, with 4 points taken on the bed and 4 on each bank, with a

distance of 3 to 5 meters separating the cross-sections. Intermediate points were also taken
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to capture in-channel irregularities such as collapsed banks and islands, and additional
points were collected in bends. The DEMs of in-channel topography (for both study
reaches) were produced using the Natural Neighbours method in ArcGIS. This method
was chosen after comparing it to other interpolation methods (IDW, kriging, spline). The
chosen algorithm is more appropriate for the Richer Stream which exhibits rapid changes

between shallow and deep sections.

Discharge and velocity measurements

Flow velocity and discharge data are needed to calibrate both the 3D flow dynamics
and the hydro-morphological models. A pressure transducer (Solinst Junior 3001) was
mounted on a privately-owned bridge crossing the Richer Stream in the residential area
and recorded flow depth every 15 minutes between 6 June 2008 and 3 December 2009
(Figure 2.4). This device also measures water temperature at the same frequency. The
effect of an ice cover on hydraulic conditions was omitted due to the unknown relationship

between the discharge and the pressure of the confined flow during this period.

Flow velocity measurements were taken with a propeller current meter (Swoffer

Figure 2.4. Setup of the pressure transducer on a privately-owned bridge (Figure 2.1b).
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2001) at each 50 cm laterally to compute discharge and produce a stage-discharge rating
curve. When the water was less than 50 cm deep, one measurement was taken at 40% of
the water column depth. Otherwise, the average of two measurements, taken at 20% and at
80% of the flow depth, was used. The channel cross-sectional area was estimated by
manually measuring bed topography at 20 cm intervals. Discharge estimates derived from
velocity and flow depth measurements allowed producing the rating curve at the pressure
transducer (Figure 2.5). Thorough analysis of the DEM reveals that the area contributing
to the flow discharge observed at this location approaches 80% of the total watershed area.
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Figure 2.5. Stage-discharge curve at the pressure transducer.

The stage-discharge curve could not be used to extrapolate at higher discharges, as it
predicted unrealistically high values for the deepest flow recorded by the pressure
transducer, for which the velocity is unknown (22 m?/s for a depth of 1.64 m reached in
August 2008). The Manning equation was thus used to predict flow velocities at stages
above which no velocity could manually be measured (due to the challenge of
synchronising field visits with low-duration high stage events), assuming constant
roughness coefficient and bed slope between the highest measured flow discharge and any
other discharge above this value (and below the maximum channel capacity). In the

Manning equation, the average cross-sectional velocity (in m/s) is given by:
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V = 1 R% ~SO% (Equation 2.1)
n

where n is the Manning roughness coefficient, R is the hydraulic radius (m) and Sy is the

bed slope. Therefore:

Vex =V - Rex R i
bf ( / bf) (Equation 2.2)

where Ryt and Rey are bankfull and intra/extrapolated radii, respectively.

Channel and surface sediment size

In order to parameterise the sediment transport model and to complete the
characterisation of the channel, samples from cross-sections along the main stem of the
Richer watercourse were collected in July 2009. Cross-sections were spread apart by 250
m except where the land owners did not allow access to the stream. Although the Richer
channel bed and banks mainly consist of clay, sand particles are found downstream of the
residential reach and gravel particles are present sporadically in upstream reaches.
Channel bed and bank samples were collected approximately at each 250 m with a shovel.
Although a total of 50 samples were acquired (from 23 cross-sections), the analysis was

limited to 32 samples. The unused samples were stored in case other analyses are required.

After removing the organic material and drying each sample for a period of 24
hours at 105°C, a quantity of approximately 100 grams of each sample was crushed with
a mortar and pestle. A combination of sieve analysis and hydrometry procedure was
followed in order to determine the sediment size and distribution of each analysed
sample. The analysis reveals that the samples collected from upstream beds and banks

have a clay texture (median particle diameter of 0.0044 mm) whereas downstream
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samples consist of clay loam (median particle diameter of 0.0092 mm). Note that many
incongruous results from the analysis were observed due to the attraction and
agglomeration of clay particles. Therefore, the traditional procedure relying on H-151
type hydrometers was modified to better dissolve particles from the sample and remove

sand and larger particles prior to the hydrometry analysis.

Sediment transport

Three types of sediment loads were required for the Richer Stream characterisation
and for the validation of the sediment transport model developed for this study: surface
sediment runoff, bed load, and suspended load. Surface sediment runoff was estimated at
two different locations in the Richer watershed using a series of samplers based on the
design of Mathier et al. (1989) (Figure 2.6). The first site was located near a hilly corn
crop whereas the second site was located on a flatter terrain with hey crop. Both sets of

samplers were installed in June 2009 and removed early in December 20009.

S
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Figure 2.6. (a) Runoff samplers based on the design of Mathier et al. (1989); (b) location of the samplers.
Three temporary bridges were built over the channel to facilitate bed load and suspended

load rate measurements. Due to their small length, the bridges were installed at locations
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where the channel width is narrow and the banks are steep. Bridge's abutment pairs were
built from stainless steel fence hardware. The design of the abutments was different for
each bridge due to contrasting channel morphologies (Figure 2.7a-c). A Featherlite
lightweight (16 kg) commercially-graded fibreglass ladder hanging between abutments on
opposite banks and used as a platform then allowed data to be acquired without standing
in the river and without disturbing bed substrate. Due to the proximity of the Richer
Stream to main roads and urban centers, the bridge system was designed to fit on a car
roof. It was also easy to carry between corn rows over a distance of 1 km, and it could be
installed by a single person (even at a high-flow stage). Since it is usually not
recommended to use this kind of ladder as a bridge, its flexibility and strength were tested
prior to data collection. Some concrete blocks (115 kg) were gradually placed in the
middle of the open ladder whose extremities were elevated. With this design, the ladder
could be stretched at a length of 21 feet and hold one person. Four U-bolts were added
between stair pairs to secure the ladder and thus ensure that it will not open when
acquiring data. A permanent private bridge was used as a fourth site of sediment transport

data and flow conditions acquisition (Figure 2.7d).

Bedload transport rates were measured during two high-flow discharge events using
a Helley-Smith sampler (Figure 2.8a). A custom tool was built to facilitate the transfer of
sediment from the collection bags to smaller transport bags (Figure 2.8b). Similarly, water
samples were collected for different flow depths using a MSR Sweetwater camping pump,

after removing the carbon filter (Figure 2.8c).
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Figure 2.7. Data acquisition (a) bridge #1, (b) bridge
e #2, (c) bridge #3 and (d) bridge #4. The location of
each bridge is mapped in ().
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e, = &
Figure 2.8. Instream sediment transport rate samplers showing (a) a Helley-Smith sampler and (b) a water
pump used for collecting bed load sediment and suspended load, respectively. The photograph in (c) shows
the hardware used to empty the sediment trapped in the net that can securely be attached to the Helley-Smith
sampler.

Climate data

Since weather conditions are not available for the examined watershed, the
assumption was made that they are similar to those recorded at Mount St-Hilaire weather
station (managed by McGill University). Climate and weather data were obtained from
this station that is located 19 km south from the Richer watershed centroid. The provided
data include wind speed and direction, atmospheric pressure and precipitation. Through
an agreement with McGill University, the station was modified from previous
configuration in June 2008 for the duration of this study to record precipitation data each
15 minute and thus take maximum precipitation intensity into account. However, the
occasional lack of synchronization between the Richer flow discharge and precipitation
data provided by the aforementioned station (attributed to spatial differences in fallen

precipitation depth) resulted in a need to use data from supplemental neighbouring
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weather stations. The interpolation of precipitation data from these stations (Figure 2.9)

significantly improved the correlation.
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Figure 2.9. The Richer watershed and surrounding weather stations: (1) St-Amable, (2) St-Antoie, (3) St-
Hilaire, (4) Ste-Madelaine and (5) Montreal (Trudeau Airport). Source: Google Earth (2010).
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2.3. Numerical modelling

The establishment of exhaustive inventories of stabilisation methods and
management strategies was achieved in previous studies (Ahn et al., 2002; Thompson and
Stull, 2002; National Cooperative Highway Research Program [NCHRP], 2005).
Therefore, it does not constitute one of the main objectives of the current study. However,
a literature review was completed above determining the range and conditions of
application of some of the methods that could potentially be beneficial to the stability of a
watershed located in the St. Lawrence lowlands. This review identified the approaches
used in Québec, in Canada and in other similar countries in terms of industrialisation and
environmental settings. It also helped understand the legal, social and procedural changes
that would be required in Québec before being able to implement the most sustainable
available solutions. These methods are assessed using two numerical models used at two
different scales. A two-dimensional hydro-morphological model programmed in the Java
language is employed to predict the effect of two management strategies on hydrological
and sediment transport processes at the watershed scale. In addition, a 3D fluid dynamic
numerical model is used to predict the hydraulic effects on the flow field of adding

instream structures (weirs and barbs) at the scale of individual reaches.
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2.3.1. The hydro-morphological model
2.3.1.1. Purpose and overview of the initial version

In order to predict and compare flow conditions, sediment transport rates and
channel evolution resulting from the implementation of various stream management
approaches, a numerical model specific to agricultural streams is employed. This model
requires few input parameters and was developed by Rousseau (2008) using Stella®
model builder software version 9. The hydro-morphological model consists of three
modules, each of which deals with a category of physical processes: the weather
generator, the hydrological model, and the sediment transport model. The model is

thoroughly described in Appendix A but its main characteristics are introduced below.

The weather generator produces a set of daily weather records (statistically derived
from the analysis of climate variable averages and distributions). These records are used
by the hydrological module to predict instream and surface sediment transport rates. The
computed climatic conditions include air temperature (monthly minimum, maximum and
average), relative humidity (average monthly), wind speed (average monthly) and
precipitation (type, depth and duration). The hydrological module statistically predicts
flow discharge peaks and recession rates from water excess depth (i.e. water remaining on
the ground after evapotranspiration and snow melt). The sediment transport module
forecasts the intensity of overland and instream sediment movement (Figure 2.10).
Sediments from the surrounding fields may leach into the stream during intense
precipitation events and those within the stream are lifted and entrained towards a
downstream section as bed and suspended loads. The variables from the three modules

interact as shown in the causal loop diagram (Figure 2.11). A positive feedback

47



mechanism exists where a change in discharge or slope induces a change in the channel

cross-sectional area in the same direction.

Channel representation and evolution

Within the inner representation of the model, individual channel sections have
constant slope, dimensions, bank angles, and sediment size. The dimensions include
channel depth, basal width bank angles and longitudinal bed slope (Figure 2.12).
Increasing the number of sections used in a simulation results in a configuration that more
accurately reflects the topography of the channel and watershed. However, increasing the
amount of details is time consuming in terms of data acquisition and model
parameterisation. Thus, a balance must be found between the duration of simulations and

the required level of details. The exported results comprise daily flow characteristics
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Figure 2.10. Overview of the sediment transport module.
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Figure 2.11. Interactions among the main variables of the model.

Figure 2.12. (a) Channel representation and (b) cross-sectional dimensions. V:
flow velocity, L: section length, B = flow width (surface), b = flow width (bed), a

= right and left bank angles.
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(i.e. discharge, velocity and depth) and the geometry of each defined section (i.e. depth,
basal width and bank angles). Although the cross-sectional area changes, the ratio of
dimensions is static in this version of the model. In other words, erosion or aggradation is
uniform. Note that this situation would not occur in the Richer Stream due to the
accessible sediments being located mainly on the bed; dense vegetation on channel banks

holds particle in place.

The model assumes that sediments are always available to be picked up by the flow.
This situation is problematic for two reasons. Firstly, the mechanical work performed
during dredging has the effect of compacting bed and bank materials, making them less
available. Secondly, bank cohesion (which varies with soil particles size and is affected by
vegetation type and density and moisture) might prevent sediments from being detached
from the banks. Bank erosion processes are lacking in this model, although the flow
pressure exerted on channel bed and banks is employed to identify the most vulnerable
reaches. Moreover, the effects of wind and ice on sediment transport are also absent. Bank
shading caused by channel bank angles and sunlight direction is not incorporated,
although unequal soil surface melting is expected to have a significant effect on soil

cohesion during spring, when one side of the channel is frozen and the other is not.

2.3.1.2. Improvements
Performance

The model of Rousseau (2008) implemented in Stella® was migrated into a Java
application using Eclipse 3.4 development platform and Java 1.6.0 specification language.
The migration was achieved to reduce the duration of the simulations and enable batch

processing. This modification facilitates the examination of specific management methods
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Figure 2.13. Main files of the hydro-morphological model.
over a spectrum of possible configurations and weather conditions (Figure 2.13). The
implementation of the model in a standalone application allows solving complex equations
that require iterations (e.g. complex integrals, third (or higher) degree polynomial
equations). The coding in Java also facilitates releasing the model as an online application.
This could easily be done by upgrading the graphical user interface whilst reusing coded
functions and object classes. The application is currently constituted from 35 classes for a

total of approximately 10,000 lines of coding.

Channel representation and evolution

Five identical sections of 50 meters long each were used to define the channel in
the initial version of the model (Rousseau, 2008). In this study, the main stem of the
Richer stream is divided in 162 trapezoidal sections. Cross-sectional dimensions were

measured at each 250 meters in the fall 2009 to serve as input in the model. Supplemental
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Figure 2.14. Location of the 163 inflection points that define the start and end
nodes of the 162 sections used in the hydro-morphological model.

Figure 2.15. Representation of channel evolution within the hydro-morphological model showing (a) bed
aggradation and (b) bed erosion followed by bank erosion.



cross-sections were also measured where a significant change existed in channel
dimensions. The extension of simulations to the entire stream length is done by
considering the most significant inflection points (Figure 2.14). Interpolation of channel
dimensions was required since the location of most of the measured cross-sections does
not match the location of the inflection points. Channel evolution has been revisited by
more adequately representing channel bank erosion. Rather than preserving dimension
ratios, sediments accumulate on the bed and erosion occurs first on the bed, then on the

steepest bank (Figure 2.15).

Graphical user interface

In Rousseau (2008), a Stella® runtime interface is used to automate
parameterisation according to predefined modelling options and thus to reduce the
possibilities of introducing errors when manually changing input parameters. In the new
model version, the graphical user interface is replaced by a set of configurable Excel
worksheets. Field validation is performed both in Excel worksheets and in the Java
application. After each simulation, the Java application exports the results into an Excel
worksheet. This file can be imported in ArcGIS for display, viewed in Excel for statistical
analysis or used as input conditions for a simulation. The exported results include daily
weather records, section dimensions, and flow conditions in addition to a climate
summary. Furthermore, the model can take historical values (including weather conditions

and flow discharge values) as input in addition to generating weather conditions.

The hydrological module was modified to more accurately predict flow discharge. In
its initial version, the model based a prediction on daily precipitation depth. However, in

reality, instream flow intensity is also dependent upon antecedent soil moisture,
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evapotranspiration, temperature and snow melt rate. The new version of the model
forecasts a peak discharge based on current and previous recent excess water depths. The
model employs a kernel size of 10 days (i.e. days preceding the day for which the
prediction is made) to estimate daily flow peak discharge whilst considering the initially
omitted variables affecting flow intensity. Although this change significantly improves
peak discharge rate predictions for summer months, the predictions in March remain poor,

likely due to excess water retention in local topographic depressions in a frozen soil.

2.3.1.3. Validation

Hydrological and geomorphological field data are used to validate the revised
version of the model. Sediment transport measurements (i.e. bed load, suspended load and
surface runoff) are used to corroborate the rates predicted by the physically-based
formulas. The stage-solid discharge curve built from a combination of the data acquired
under the four bridges is used to validate suspended load rates. It is, however, difficult to
follow the same procedure for the two other types of loads. Surface runoff was only
detected once and stream stage does not seem to be the primary factor affecting bed load
rate in a clay-bed stream. Rather, the minimum precipitation depth required to initiate
sediment runoff is used in validation, whereas the order of magnitude of the predicted bed
load is attested by comparing it to measured rates. Similarly, flow stage-discharge curves
are used to validate predicted flow conditions (i.e. depth and mean velocity) derived from
empirical formulas. Also, predicted flow discharge is a function of excess water depth,
which mainly depends on precipitation, evapotranspiration rate and snow melt. Therefore,
a single validation step (i.e. excess water depth) accounts for the validation of several

variables that are estimated using physically- and empirically-based formulas.
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The simulations completed under the new version of the model were improved from
initial runs by validating the computed variables over a longer time period. The choice of
the validation period is constrained in time by the availability of flow depth recordings (6
June 2008 to 3 December 2009).Validation was achieved by comparing the predicted and
actual values within four modelling sections corresponding to the location of the data

collection bridges.

2.3.1.4. Modelled management strategies

The hydro-morphological model is employed to predict the hydrological and
geomorphological effects of (a) leaving the channel in its current condition or applying
alternative strategies to the management of the Richer Stream and watershed: (b) the
creation of backwater ponds and (c) the creation of meanders. The effect of each

approach on channel stability is illustrated in Figure 2.16.

(a)_No action

The status quo strategy corresponds to the condition of the stream that has naturally
evolved for a period estimated at 10 years. Banks are covered with herbaceous and
arbustive plant species whilst the clay bed lacks vegetation (Figure 2.2b). The “No
action” scenario is expected to have little effect on current channel morphology since
dimensions are expected to have naturally adjusted following dredging works: bank
slopes are shallower and bank roughness has increased due to the colonisation by

herbaceous and arbustive species.

(b) Creation of backwater ponds

The installation of retention basins along the channel should decrease peak flow

discharge by accumulating water as flow discharge increases and releasing it as it
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decreases (Figure 2.17). Such an approach has been used on the Niagarette River near

Québec City (Fondation de la Faune, 2010). The accumulation of water in retention

basins results in a decrease in peak discharge (Chen et al., 2007). The falling limb has a
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Figure 2.16. Interactions between hydraulic variables for each scenario. A positive relationship
(+) between two variables exists when a change in the value of an independent variable causes a
change in the same direction in a dependent variable. Conversely, in a negative relationship (-),
a change in the independent variables causes a change to the dependent variable in the opposite
direction. The impact of dredging on flow velocity is uncertain due to simultaneous positive and
negative changes in multiple independent variables. The symbol ‘0’ indicates no change.
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gentler slope due to the gradual release of the water temporarily held in the basin. As a
result, the maximum unit stream power is expected to decrease. Although the effect of
pore water pressure changes on bank stability cannot be assessed by the current version

of the model, more gradual changes in flow depth would probably contribute to the

greater weight applied on the bed by the flow when the bank is saturated.
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Figure 2.17. Alteration of flow hydrograph from (a) no pond to (b) one or several ponds. Qmax and Qpi, are
peak flow discharge and flow discharge at the end of the day, respectively.

(c) Creation of meanders

The reestablishment of meanders within the channel should decrease flow velocity,
unit stream power and particle entrainment (due to increased resistance and decreased
slope). Manning roughness coefficient was modified proportionally to the increase in
sinuosity. A sinuosity of 1.44 corresponds to the situation of the 1932 channel whereas a
sinuosity of 1.25 is assumed to be a compromise between no action and full meander

restoration.

Parameterisation

The hydro-morphological model allows running simulations in two modes
depending if flow and weather conditions are generated or if an existing weather record is

read. Due to the difficulty of predicting channel morphology changes in a context in
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which only suspended load transport rates could be validated in the field, the model was
first run using a static channel and historical weather and flow data, i.e. from 6 June 2008
to 3 December 2009. Flow conditions were extracted and studied in details for August
6th, 2008 since the highest flow depth in 1.5 year was recorded on that day (predicted
discharge of 6.6 m?/s). This discharge is assumed to correspond to the bankfull stage. The
same simulations were then run with sediment transport and channel morphology

adjustments enabled.

Space requirements

The re-establishment of meanders was tested for sinuosity values varying between
1.00 (current situation) to 1.44 (1932 situation) at intervals of 0.05. The creation of
backwater ponds was tested for 3, 6 or 12 ponds occupying a total area of 15,000, 30,000,

60,000 or 120,000 m2.

The tested methods require removing an area from agriculture to create meanders
or backwater ponds. In the case of re-meandering, this area takes the form of a corridor
having a certain width and following the main stem of the channel on both sides (Figure
2.18). The width of the corridor depends on the desired degree of sinuosity, bankfull
width and the 3-m buffer legally required between bankfull level and crop extent. For
instance, the current channel configuration results in a corridor width of 17 m (bankfull
width of channel of 11 m and sinuosity of 1.00). The corridor will be 39 m and 50 m
wide, respectively with a sinuosity of 1.25 and 1.44. Although the wavelength of the
1932 channel was considered here in the modification of the channel, wavelength can
modify the required corridor width (Figure 2.18). An example of a channel modified to

retrieve a sinuosity of 1.25 with a wavelength of 80 m is provided in Figure 2.19. Since
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the current channel location is problematic near the urban area, the channel was slightly
translated north to reduce flooding risks and bank erosion on privately-owned lands.
However, the sinuosity was increased by 29% in this area to reduce channel slope to the
same level as if a sinuosity of 1.25 was applied to the channel in the urban reach without

modifying its location.

The creation of ponds requires space near each pond rather than along the channel.
Here it is assumed that the ponds are circular and have the same depth as the adjacent
channel. In reality, ponds would certainly have gradual banks with deeper centre. A
vegetated buffer strip of ten meters is assumed to surround each pond. For instance, a
pond having an area of 5,000 m2 will end up occupying 7,821 m?2 (radius of 49 m) when
considering the required buffer strip. Three of the modeled scenarios are mapped in

Figure 2.20.
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Figure 2.18. Channel design using elliptical meanders. Each wave unit has a length that is equal to the
perimeter of an ellipse defined with semi-minor (b) and semi-major (a) axes. The equation used to estimate
the perimeter of an ellipse is the first approximation of Ramanujan (1914).
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Figure 2.19. Example of a channel re-meandering scenario in which
the desired sinuosity is 1.25.

Figure 2.20. (a) Example of backwater pond creation scenario (12
ponds occupying an area of 10,000 m?2 each).
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Figure 2.20. (b) Example of backwater pond creation scenario (6
ponds occupying an area of 20,000 m2 each).

Figure 2.20. (c) Example of backwater pond creation scenario (3
ponds occupying an area of 40,000 m2 each).
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2.3.2. The 3D flow dynamics model

Numerical modelling set-up

The 3D flow dynamics computational model Phoenics (from CHAM) is used to
simulate the flow field in the urban reach (Figure 2.1b). The numerical domain is 50 m
long and 100 m wide in the bend section, and 225 m long and 17 m wide in the straight
section (Figure 2.1b). Grid dimensions are 0.5 m, 0.5 m and 0.1 m in the longitudinal,
lateral and vertical dimensions, respectively. An upstream section of approximately 100
m was used to ensure that the 3D flow is fully developed before entering the bend
section. Inlet velocity values were set to the values obtained at the outlet of the upstream
section. The DEM of bed topography in the urban reach was used to create a bed object
in Phoenics, allowing a Cartesian grid to be used. The procedure is explained in Biron et
al. (2007) and Haltigin et al. (2007). Variable porosity in the surface layer cell does not
restrict the flow to a predefined rigid grid but allows vertical flow surface adjustments

(Ouillon & Dartus, 1997). A logarithmic velocity profile is assumed near the bed.

Model validation

In order to attest to the validity of the simulations performed in the 3D numerical
model Phoenics, 87 3D velocity measurements were taken with a Sontek Acoustic
Doppler Velocimeter (ADV) at a low flow stage (corresponding to a maximum flow
depth of 26 cm at the transducer location) in the straight reach (Figure 2.1b) in July 2008.
The ADV points were taken at a height above the bed corresponding to 40% of flow
depth. The sampling frequency of the ADV was 25 Hz, and the duration of each
measurement was one minute. On average, one ADV point was taken per 15 m? of water

surface whereas channel cross-sections were surveyed at each 2-3 m to generate a
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topographic map. Conversely, the density of simulated velocity points in Phoenics was of

one point per 0.25 m? with the adopted configuration.

A visual comparison of the interpolated data points reveals a reasonably good
agreement between measured and simulated velocity magnitudes considering the limited
number of ADV and topographic points collected (Figure 2.21). Despite a few
differences in the location of high-velocity zones (i.e. mid-reach and second bend), the
3D model Phoenics is able to predict velocity values that are in the range of those
measured in the Richer Stream. Also, the ADV measurements were performed during the
summer that followed topographic data acquisition. Channel morphology may have been

altered by erosion or deposition between topographic and velocity measurements.

Although the acquisition of flow velocity data at medium and high flow stages
would have been useful to validate the 3D flow hydraulics simulations, field setup did not
allow such measurements to be safely acquired; the 21 foot ladder used in field data
collection could not be deployed in the urban reach due to its larger width. Furthermore,
this research required significant efforts in field data collection with different types of
measurements during the same (rare) high-flow stage events. The decision was taken to
concentrate efforts on measuring sediment transport rates rather than 3D flow velocity
validation. It is hypothesized that a comparison of measured and simulated velocities at
higher stage would result in a better agreement due to the smaller impact of small-scale

channel irregularities as flow stage rises.

In-stream structures

The 3D model was used to predict flow velocity changes following the virtual

installation of two types of hydraulic structures within the urban reach of the Richer
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Stream to reduce bank instability (Figure 2.1b). In-stream structures were incorporated to
the model by modifying the object bed. The distance between the inlet and the zone

where structures were inserted is sufficiently long for a fully-developed flow to develop.

The hydraulic effects of installing these structures are investigated at two flow
depths: 0.80 m (0.37 m¥/s) and 1.26 m (3.46 m3/s), respectively for medium and high
stages. These stages were reached 46 (8.4%) and 10 (1.8%) times in the 546-day period
spanning 6 June 2008 through 3 December 2009. Although higher flow stages were
recorded by the transducer after spring 2009, the highest modelled flow stage

nevertheless corresponds to an event of infrequently high magnitude.

Based on the survey of available methods and interviews with practitioners, the
tested methods are stream barbs and bed weirs. Stream barbs are expected to redirect the
flow towards the center of the channel and away from the outer bank in a channel bend,
thus reducing near-bank velocities. Six barbs with a length of 4.5 m, a maximum width of
0.4 m and a maximum height (near bank) equal to 90% of flow depth (in respect to the
higher flow stage) are used in this experiment (Figure 2.22). Each structure is oriented

upstream at 40° from the bank which causes a lateral constriction of 38%.

Bed weirs should locally modify flow surface slope and concentrate higher
velocities in the vicinity of each structure. Four bed weirs were implemented in the model
across the channel width at 50 m intervals in the straight reach that follows the 125° bend
(Figure 2.23). Low weirs (vertical drop of 0.6 m) were tested at each flow stage whereas

high weirs (vertical drop of 1.06 m) were only employed with the highest stage. Flow

66



characteristics cannot be predicted with steady simulations since high weirs would create
a chute at medium stage. Both upstream and downstream parts are perpendicular to flow
direction whereas the top is flat. The straight weir has a constant thickness (2 m) whereas
the V-shaped type has a minimum thickness of 2 m with the downstream side rotated 45°

from the upstream side (Figure 2.23).

It is obviously not possible to validate the simulations using in-stream structures as
these constitute virtual modifications. Therefore, they are mainly used here to assess their
impact prior to their implementation, and to provide a general assessment of the type of

changes to be expected from their installation under medium and high flow conditions.

mm Stream barbs
O Flow

Figure 2.22. Configuration of stream barbs in a 125° bend. Flow (medium stage shown) is
to the right.

Figure 2.23. Configuration of (a) straight and (b) V-shaped bed weirs in a straight reach.
Flow is to the right.
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Chapter 3 — Watershed scale management strategies

3.1. Watershed characterisation
3.1.1. Stream hydrology

Data from the gauging station installed on the Richer Stream

Figure 3.1 presents the flood hydrograph for 2008 (starting on 6 June) and 2009
(ending on 3 December). Note that the pressure transducer did not record flow depth for
the period spanning 5 May to 16 June 2009 because its memory unit was full. Missing
minimum and maximum daily discharge values were estimated from the average daily
value recorded by a nearby gauging station installed on the Acadie River. The following

regression equations were employed to estimate the Richer daily peak discharge:

QRicher,average = 00008 : Qicadie,average + 00236 ' QAcadie,average R2:072 (Equation 3'1)

Q~icher.min = 0.2275- Qgigrer R?=0.77 (Equation 3.2)

Richer,average

Qrichermox = 2-3533 Qicher average — 0-0232 R?=0.90  (Equation 3.3)

The relationship described by Equation 3.1 was established using the events for which
there was a synchronisation in the occurrence of peak discharges in the Richer Stream and
Acadie River (59 points). Equations 3.2 and 3.3 are based on the analysis of the complete
Richer dataset (504 points). Based on precipitation depth during this period,
approximately 130 mm of rainfall reached the watershed. The estimated discharge appears

in good agreement with this amount of rain.

Note that the predicted bankfull discharge is twice the value of 3.33 m?¥/s that was
estimated by Rousseau and Biron (2009). In this study, the ratio of Richer and Hurons

watersheds were used to predict Richer peak discharge based on the historical discharge
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Figure 3.1. Flow hydrograph of the Richer stream at the pressure transducer location in (a) 2008

and (b) 2009. Data associated with the period 5 May 2009 - 15 June 2009 were estimated based

on the correlation between the average daily discharge recorded at the Richer Stream and the

average daily discharge measured by a gauging station installed on the Acadie River. Note that

the timing of occurrence and the magnitude of peak discharge events differ significantly from

one year to another.
record of the Hurons River. This highlights the limits of using the watershed ratio
approach for small watersheds, and the necessity of installing pressure transducers to

obtain accurate discharge estimates.

The maximum discharge (6.6 m?3/s) was observed in August 2008 whereas the
minimum value (0.014 m3/s) was recorded in September 2009. The daily average in this
period was 0.17 m3/s. Overall, there is a general tendency for the flow to be low in the
summer months and at the beginning of the year (before snow melt begins). Although the

highest discharge was not recorded during spring, several peak values were reached
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between February and April with a base flow significantly higher than in other periods of
the year. Depending on the amount of precipitation received, the flow discharge rises by
ten to one hundred times after a precipitation event. The frequency curve (Figure 3.2)
confirms that flow discharge is usually very low with episodic bursts. A flow discharge
above 1 md/s was reached 17 times out of 503 (3.4% of days). The maximum flow
discharge did not occur during spring as expected, but in August 2008 after the watershed
has been subject to rainfall on a quasi- daily basis for a few weeks. However, the second
highest peak (6.2 m3/s in 28 December 2008) was achieved as a result of snow melt and
ice cover breakup. In comparison, the estimated peak discharge in spring 2009 was only

2.7 m¥/s. From a modelling perspective, the fact that ice broke up at the end of December

100
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Flowdischarge (m3/s)

Relative cumulative frequency (%)

Figure 3.2. Cumulative frequency distribution of maximum daily discharge values
from 6 June 2008 to 3 December 2009 (except between 5 May and 16 June 2009).

was unexpected when considering monthly air temperatures. At the St-Hilaire weather
station, the air temperature is not expected to rise above zero in December (maximum
daily temperature of -1.75°C). This indicates that randomly generated air temperatures

should be used rather than average values in hydrological models.
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Water temperature and quality

High water temperatures can hinder fish development by impairing their growth,
increasing parasitic diseases and predation rates (Roth et al, 2010). This thermal pollution
can also contribute to the development of buoyant algae and favour the invasion of a
stream by undesirable species (El-Jabi et al., 1995). Eleven fish species were observed in
the Richer Stream in August 2006 (Garceau et al., 2007). The highest temperature
recorded in the Richer Stream was 29.3°C, in August 2009. This is above the theoretical
survival threshold for three species found in the Richer stream: the White Sucker, the
Pumpkinseed, and the Rock Bass. The Golden Shiner and the Brown Bullhead are
unlikely to suffer from the direct effect of heat due to their higher tolerance to extreme

temperature values.

32 additional fish species were inventoried in the Richelieu River near the outlet of
the Richer Stream. Although these species were not observed within the Richer Stream
during the survey works performed in August 2006 (at low flow depth) they may inhabit
the Richer Stream at certain periods of the year for spawning or feeding. This reinforces
the hypothesis that, even in its current state, the Richer Stream has significant ecological
functions although it is sometimes referred to as a drainage ditch. 11 of the species for
which the maximum tolerated is available may not withstand the maximum recorded

temperature.

Temperature is only one of several characteristics that contribute to the quality of a
stream. In a previous report (Garceau et al, 2007), the quality index of surveyed reaches
within the Richer stream was found to be low (over 74.5% of the length), medium

(19.25%) and good (6.25%) in regards to substrate type, cover, sinuosity, pool-riffle

71



sequence, flow depth and velocity, and the type of a vegetated riparian buffer. Oxygen
level was found to be low enough to seriously affect the most vulnerable species (40%).
Re-meandering combined with the installation of riparian vegetation (providing shade,
cover and colder temperatures) would contribute to improving the biological indices in
regards to all aspects. The effect of a mature riparian forest was found to reduce the peak
temperature by 1.2°C (compared to an exposed stream) after the modeling of
temperatures in the Boiron de Morges River, southwest Switzerland (Roth et al, 2010). In
contrast, a reeds cover was found to have little effect (reduction of 0.1°C). The same
study reported a 0.7°C increase in maximum water temperature after the removal of
vegetation. Since the removal of vegetation is associated with dredging works, fish in the
Richer Stream would certainly benefit from the adoption of a program including riparian

forest canopy installation.

Thermal pollution in the Richer Stream is currently attributed to land management
in regards to agricultural practices and urbanisation. Deforestation exposed the stream to
solar radiation and heated the stream. In addition, regular dredging works remove deep
pools which could otherwise regulate stream water temperature. As a result, important
differences between daily minimum and maximum temperatures exist. A maximum

difference of 12.6°C was recorded on 24 April 20009.

Anthropogenic climate changes are also expected to modify stream temperature.
Using the relationship between the maximum atmospheric and water temperatures
(Figure 3.3) and temperature deltas for the CGCM2 A2x climate change scenario (Figure
3.4), monthly maximum water temperatures are predicted for the period June 2008 to

December 2009 (Figure 3.5). These changes could potentially affect the fish
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Figure 3.3. Relationship between maximum atmospheric temperature (at Montreal
Trudeau Airport according to Canadian Climate Normals 1971-2000 (2010)) and
Richer water temperatures.

Horizon Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2020 158 107 064 040 223 118 147 126 132 083 117 048
2050 248 245 093 101 429 252 241 221 236 240 214 068
2080 321 376 158 394 664 404 390 361 389 344 381 121

Figure 3.4. Predicted temperature deltas at (46.39°N, 71.25°W) according to the CGCM2 A2x
climate change scenario (Canadian Climate Impact Scenarios, 2010).

community in the Richer Stream. For instance, water temperature would rise from 29.3°C
to 30.4°C in 2020, 31.2°C in 2050 and 32.4°C in 2080. Assuming that the fish are unable
to adapt to these changes, Smallmouth Bass would be eradicated from the Richer Stream
in 2020, the Emerald Shiner in 2050 and the Northern Pike in 2080. From the eleven fish
species found in 2006, only four would remain in 2080: the Bluntnose Minnow, the
Central Mudminnow, the Golden Shiner and the Brown Bullhead. Assuming that the
establishment of a riparian forested canopy decreases water temperature by 1.9°C as in
Roth et al. (2010), the Emerald Shiner and Northern Pike could continue to inhabit the

Richer Stream.
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Figure 3.5. Current and predicted monthly maximum water temperature in (a) 2008
and (b) 2009.

3.1.2. Channel and surface sediment size

The analysis of bed and bank sediment samples reveals that the channel material
consists on average of 45.6% clay, 33.0% silt and 21.3% sand (clay texture). The median
particle size is 0.0137 mm on the banks and 0.0097 mm on the bed (fine silt in all cases).
Bank particles are thus slightly sandier than bed particles and contain less clay and silt.
Although they both fall into the clay texture category, the color of the solutions in the
cylinder during the hydrometry procedure indicated that beds and banks differ in
composition (Figure 3.6). Bank samples are darker (more brown) than bed samples (more
beige or gray). Although the difference in median sediment size is small, a more

significant difference was found when distinguishing between upstream and downstream
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Figure 3.6. Hydrometry

d procedure setup showing
sedimentation occurring

/| simultaneously in eight
cylinders and indicating a
different composition between
bank (a) and (b) bed samples.

samples. Upstream bed and bank samples have a clay texture whereas downstream
samples have a clay loam texture (less clay and more silt and sand). The upstream bank
particles consist of very fine silt whilst beds consist of coarse clay. Downstream banks and

beds are all made of medium silt.

A comparison of soil texture between channel material and the adjacent field (for
each analysed sample) was achieved to determine the provenance of bed and bank
sediments. This analysis reveals that the differences in the proportion of each sediment
size class (i.e. clay, silt and sand) between the channel and the adjacent field are low in
upstream cross-sections and higher otherwise (Figure 3.7). The average difference (for all
classes combined) is 6.9% in the six upstream cross-sections but 23.9% in the remaining
ten cross-sections. This suggests that the downstream channel mainly consists of
sediment delivered by upstream reaches, where sediment runoff rates are expected to be
larger to steeper field slopes. Another possibility would be that only fine particles are

transported at the surface towards the stream, leading with time to a texture that is finer in
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Figure 3.7. (a) Difference between channel and field soil classes. (b) Location of the

cross-sections where the samples were collected.

then channel than in the field. A stable bank will facilitate the successful installation of
vegetation. In the case of the Richer channel (average soil texture assemblage: 45.6%
clay, 33.0% silt and 21.3% sand), the maximum gradient of a stable channel lies between
1:3 and 1:1.5 (D’Auteuil & Dubois, 1994). These values significantly contrast with the

desired channel morphology as specified in the most recent stream management Act
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(gradient of 1:1). Considering these recommendations, it is not surprising to observe that
Richer channel banks have a general tendency to flatten over time (Rousseau and Biron,
2009). The fact that streambanks in the residential area have naturally evolved from a
slope of 45° to 22° after 6 years (since the last dredging operation) suggests that a
gradient of 1:2 is more stable than one of 1:1 in the case of the Richer Stream. Therefore,

the former value should be considered in future interventions.

3.1.3. Sediment transport
Surface runoff

Even if surface runoff samplers were verified and cleaned frequently, only one event
rainfall (occurring between 1 and 20 July 2009) produced surface runoff. This 4-hour rain
event had a total depth of 52.95 mm with a maximum hourly intensity of 38.5 mm/h (and
a 15-minute peak intensity of 18.1 mm/h). This event was the most severe to be observed
during the period where the runoff samplers were installed in 2009. In comparison, the 45-
minute event of 29 June 2009 (with a maximum 15-minute intensity of 17.51 mm/h) and a
total depth of 41.9 mm did not produce any runoff (liquid or solid). This indicates that the

duration of an event is as important as the intensity to determine if runoff will occur.

The sample analysis reveals that the concentration of surface runoff was on average
4.69 g/L. Assuming that only the highest 15-minute intensity event could create surface
transport, it is estimated that approximately 78 g of soil may have been transported across
the 65 m long river reach associated with a 1500 m? area contributing to the Mathier
samplers. This amount is not significant considering the findings that the rainfall events
that create runoff are occasional. Unfortunately, it was not possible to collect runoff

samples during spring, when vegetation is sparser, to confirm that runoff sediment
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transport is very small throughout the year in the Richer watershed. The low surface
runoff rate could also be attributed to the low field slope and to the efficient ground
drainage pipe network which encourages infiltration. Furthermore, the use of the semi-
direct practice (no ploughing and left-over of plant residuals on the ground after harvest)
probably contributes to reducing surface flow velocity in addition of enhancing infiltration

rate.

Suspended load transport

A stage-solid discharge curve of suspended load was built after the analysis of the
water samples collected over height sampling sessions under the data acquisition bridges
(Figure 3.8). Since data collection and laboratory analyses are time consuming tasks, data
points were merged into a single curve with a high coefficient of determination. The
highest point recorded indicates that the suspended sediment discharge is approximately
1kg/s when the flow discharge approaches 2.5 m3/s.

Figure 3.8. Stage-solid

discharge curve of suspended
load when considering the

100
" / water samples collected under
the four data acquisition

bridges.

—_
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Bedload transport

An attempt was made to devise a stage-solid discharge rating curve from bedload
measurements as was done for the suspended load data (Figure 3.9). However, a low

correlation (r>=0.38) was found between flow discharge and bed load transport rates.
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Furthermore, bed load rates were noted to vary considerably under the same bridge from

one time interval to another (Table 3.1). This suggests that other variables than the

discharge explain the unexpected bed load rates. In general, bed load transport appears

negligible compared to the suspended load in this stream.

0.05 Figure 3.9. Mass of sediment
g ¢ collected using a Helley-Smith
~ 4 -
s 0.0 sampler.
o
2 0.03 {
c
g
2002
[0
°
5 001 1
[0
o
0.00 . .
0.0 1.0 20 25
Flowdischarge (m3/s)
Sample code Date Timeinterval ~ Sediment Awerage
(yyyy-mm-dd) (minute) transport transport discharge
(g9/hour) (md/s)
BR1-1 10 0.00
BR1.2 2009-07-04 10 0.00 0.00 0.31
BR2-1 10 130.44
BR2-2 10 207.84
BR2-3 2009-07-04 10 147.96 115.14 051
BR2-4 10 46.68
BR2-5 10 42.78
BR3-1 10 41.76
BR3-2 10 13.62
BR3-3 2009-07-04 10 6.54 15.85 0.62
BR3-4 10 9.54
BR3-5 10 7.80
| BR2-1 2009-12-03 10 2.34 2.34 1.29]
BR3-1 10 158.40
BR3-2 2009-12-03 20 53.94 165.38 2.38
BR3-3 20 125.40

Table 3.1. Suspended transport rate measurements.

3.1.4. Drainage network condition and water quality

A quantification of drainage network suspended load was made in order to verify if

agricultural subsurface drainage systems contribute to the stream suspended load. The
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results of water samples analysis reveal that load is low as compared to that of the stream,
but that this load also depends on antecedent rainfall depths. For instance, 10.4 mm of
rain fell three days before 23 November 2009 data collection (Figure 3.10). For the July
12" sample, 41 mm of rain fell the previous day, and a total of 119 mm in the thirteen
previous days. Similarly, the analyses of water samples collected on November 28" are
linked to a 16 mm rainfall event. Approximately 30 mm of rain in the previous four days
are responsible for the water samples collected on December 1%. These values, although
not exhaustive, indicate that antecedent soil moisture conditions positively influence the

intensity of suspended sediment discharge provided by the drainage systems.

Our quantitative analysis is also supported by visual observations. Water drained by pipe
#29 (Figure 3.12) is much more transparent than the stream flow at low-medium
discharge (Figure 3.11b). The combination of both observations suggests that drainage
pipes reduce the suspended sediment concentration in the river. However, no chemical
analysis was achieved in the current study to account for the other possible adverse
consequences of agricultural drainage systems on habitat quality, for example in terms of

phosphorous or nitrate inputs.
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Figure 3.10. Suspended load within drainage pipes obtained from the water samples
collected during four data collection sessions for different drainage pipe ends.
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The drainage network was found to be generally in a satisfactory condition.
However, some problems exist and are associated with bank retreat and bed
sedimentation. Firstly, five pipe ends were uncovered as a result of acute bank erosion. In
the case of pipe #7 (Figure 3.11a), the pipe end is approximately two-meter long, thus
more vulnerable to strong flow events and moving ice. Most pipe ends were partially or
significantly blocking pipe flow at various degrees due to algae accumulation. Finally,

some old ceramic pipe ends were partially buried in the bed as a result of channel

Figure 3.11. (a) Exposed drainage pipe end #7 is vuIn‘éabIe to flow and ice due to cute. bank erosion.
(b) Water draining from pipe end #29 on 28 November 2009 and being more transparent than stream
flow, thus indicating lower suspended load.

sedimentation. Our inspection suggests that the efficiency of soil drainage is affected by
their maintenance but also by channel instability. However, a more thorough study would
be needed to assess the impact of a lack of maintenance on the hydrology and sediment

dynamics in this watershed; this was beyond the objectives of this research.
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The drainage systems that are directly connected to the Richer Stream are shown in
Figure 3.12. This map was built from drainage plans that were not updated since 1986.
The fact that many working pipe ends were found that are not linked with any known
drainage plan suggests that the watershed is probably more artificially drained than what
appears in the data. There is a need to further analyse the impact of drainage network on

stream flow quality and event peak.

Drainage pipe exits
© Unknown condition
b Not working

- Working

Richer stream

- Confirmed drained area
- Richer watershed

Figure 3.12. Extent of the drained fields near the Richer Stream. References are made to pipe numbers
in the text.
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3.2. Hydro-morphological modelling

3.2.1. Precipitation data interpolation

Initially, only Saint-Hilaire (Natural Gault Reserve) station was used to relate

precipitation to discharge. The fact that it is located at 18.7 km from the Richer watershed

Figure 2.9) may contribute to the lack of synchronisation between measured flow
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Figure 3.13. St-Hilaire vs. interpolated precipitation data in respect to flow
discharge in (a) 2008 and in (b) 2009.
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(discharge peaks on the Richer flow hydrograph and measured rainfall depth recorded at
the St-Hilaire weather station (Figure 3.13). By interpolating precipitation data from five
nearby weather stations (Figure 2.9), the correlation between rain and discharge was
greatly improved. This case illustrates the spatial variability in precipitation; a weather
station would be required in the Richer watershed to further improve the correlation

between precipitation depth and stream flow discharge.

3.2.2. Simulations

3.2.2.1. Hydrological effects on a static channel

Upstream section
Sections #1-96

Meandering section
Sections #116-162

\ Urban section
Sections #97-115

Unit stream power (W/m?)
12-39 Reach with
40-62 unit stream
e 6.3 - 10.5 power > 35
—5.1-39.7 0.5 1
I im

Figure 3.14. Simulated unit stream power using historical weather conditions (6
June 2008 to 3 December 2009) for the no-action scenario.
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No action

Figure 3.14 presents the predicted stream power values in each section of the
Richer Stream on 6 August 2008 for the current channel configuration. Due to contrasting
land uses and channel planform, the stream is divided in three parts for the analysis: the
upstream agricultural part (sections 1-96), the residential part (sections 97-115) and the
meandering part (sections 116-162). When comparing the predicted stream power values
among the three parts, the urban part possesses the highest values, followed by the
upstream part. Stream power values in the meandering part are lower than in the two

other parts.

Creation of meanders

Channel re-meandering decreases specific stream power, albeit more effectively in
the urban part where longitudinal bed slope is the steepest (Figure 3.15a-b). Mean and
maximum stream power values are reduced on average by 49.2% and 24.3%,
respectively, when restoring a sinuosity of 1.44. The change in the meandering part is
minimal since most of the sections already have more than the desired sinuosity. The rate
of decrease of the stream power (i.e. with increasing space investment through the re-
establishment of channel sinuosity) is the highest between a sinuosity of 1.00 to a
sinuosity of approximately 1.06 (Figure 3.15c). After this value, the reduction in stream
power is constant (2.5% reduction per additional 10,000 m? protected area when using the

wavelength of the 1932°s channel).

Creation of backwater ponds

Backwater ponds decrease specific stream power due to the reduced stream power. Mean

values (among all sections in the upstream part) are reduced by 24.0% with the
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installation of 3 ponds of 40,000 m? each (Figure 3.16a). With the same configuration,
maximum values are reduced by 17.4%. The reduction in stream power is more important
when using less but larger ponds (for the same total area) (Figure 3.16b). For instance, 12
ponds of 10,000 m2 each would only reduce mean specific stream power by 12.2%. Less
and larger ponds also have the benefit of reducing stream power more significantly for a
specific investment (Figure 3.16c). This situation is attributed to the fact that a constant
width of 10 m is proposed for the vegetated riparian strip surrounding each pond
regardless of the area of the pond. Since a pond reduces flow discharge values in all
sections downstream from its location, it will affect a longer stretch of the stream if it is

installed upstream in the watershed.

Improvement per space investment unit

If a predetermined area is to be invested in a watershed management program, a
key question is which method is expected to provide the highest return on investment in
terms of bank stability. The four scenarios are expected to reduce stream power by the
same proportion for a total space investment lower than 25,000 m? (equivalent of 3 ponds
of 15,000 m2 each or of a sinuosity of 1.07) (Figure 3.17). Above this space investment,
re-creating meanders triggers a more important reduction in stream power than installing

backwater ponds.

86



30

= ™ o- a.
- - -
EH ID T == e -
; 10 e
& B e _
= B L L LYY
Upstreampart = — — Urbanpart ===-=-- Meandenng part|
D T T T T
1.0 1.1 12 13 14
Sinuosity
W0 =

(W/m?)

Maximnm stream power

= Upstreampart = = =Urbanparn ====- Meandenng part]
D T T T T
1.0 1.1 12 13 14
Sinuosity
1
0
o g 4Y "Fi."ave__lengthuflﬁl
B \ = = = 1/2Wavelengthof 1932
B 24
S~ \
52 71
= ] )
S N C
E‘; =3 ""-..-..-._,______‘__F _______ -
EE 61
e i
1 1.1 12 13 14
Sinuosity

Figure 3.15. Effect of various re-meandering scenarios on (a) mean and (b)
maximum stream power for 6 August 2008 peak discharge. (c) Stream power change
for various sinuosity and wavelength scenarios.
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3.2.2.2. Geomorphological effects on a dynamic channel

The simulations aiming at understanding channel dynamics were achieved by
enabling bed and suspended loads whilst not taking account of surface runoff and
drainage pipe loads. Instead of using existing empirical equations (e.g. Shen and Hung
(1972) for total load and Itakura & Kishi (1980) for suspended load), the solid stage-
discharge curves corresponding to the measurements taken in the Richer Stream were
used directly in the model to predict transport rates rather than being employed in model
validation. This decision was taken because the existing equations gave transport rates
that were orders of magnitude larger than the measurements taken in the Richer Stream.
This situation is explained by the fact that most of sediment transport equations apply to
sand or gravel bed rivers. Little research has been carried out in small clay-bed streams
and the variation in transport rates may be too high for the use of general equations due to
additional factors affecting cohesion. To the best of my knowledge, no equation can
accurately predict sediment transport rates in a small clay-bed watercourse such as the

Richer Stream.
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Effect on channel capacity

Channel capacity is defined here as the maximum cross-sectional area that the flow
would occupy if the channel was completely filled with water. With the current
management plan (no action taken between dredging sessions), the hydro-morphological
model predicts that the average channel capacity (weighted average of all sections
according to the length of each section) of the Richer Stream is expected to have reduced
from 12.49 to 12.44 m? over a period of 546 days (6 June 2008 to 3 December 2009).
This reduction in channel capacity partially explains why dredging works are performed
on a regular basis in this stream. Although a 0.42% reduction in channel capacity (i.e.
through sediment accumulation on the bed) is negligible, it may contribute to rising water
table to a level that can alter field hydrology on the long term if combined with the
accumulation rate of sediments derived from failed banks. For instance, considering the
average channel dimensions (total width of 10.5 m, depth of 1.73 m and bank angles of

28°) a reach experiencing a 2.78% reduction in capacity would aggrade by 8.5 cm.

The results suggest that the average channel capacity would not have been reduced
as much in the aforementioned period with the implementation of alternative approaches
such as channel re-meandering or backwater ponds creation (Figure 3.18). Although the
tested approaches contribute to maintaining channel capacity, the fact that the final
capacity is lower than the initial capacity for all scenarios suggests that supplemental
actions would have to be combined with the tested solutions to allow for the preservation
of current channel capacity. Channel re-meandering seems however more efficient than
the creation of backwater ponds for preserving channel capacity (Figures 3.18-19). This

approach is usually associated with the creation of a riparian corridor. The development
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of vegetation could contribute to filtering sediments from surface runoff and thus

maintaining channel capacity. Conversely, the filtering potential offered by backwater

ponds is expected to be much lower.
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Figure 3.18. Effect of channel re-meandering on maximum capacity.
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Figure 3.19. Effect of backwater ponds on channel capacity.

Spatial distribution of changes

Maps of predicted channel capacity changes for the two tested scenarios are
provided in Figure 3.20. Such maps could be helpful in prioritizing management

activities involving the tested approaches. Although the tested methods are intended to
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Figure 3.20. Predicted spatial distribution of channel capacity changes
(vs. no action scenario) following (a) channel re-meandering (sinuosity
of 1.44 shown) and (b) the creation of 3 backwater ponds of 40,000 m?

each.

92



help achieving higher channel stability at the watershed scale, restoration plans could be
designed and implemented in such a way as to reduce stream power in the reaches that
are expected to experience important reductions in channel capacity (negative and low
positive values in the provided maps). In both scenarios, mid-basin reaches seem to suffer
the less from channel infilling; some sections may even experience bed incision.
Conversely, upper reaches and those near the urban area of Saint-Marc-sur-Richelieu
should experience a change that is similar to that operating within the no-action scenario.
These latter reaches should therefore be given priority since they are the most at risk due

to higher stream power in downstream reaches.

3.2.3. Discussion

The results from the simulations performed with the hydro-morphological model
suggest that channel re-meandering is more efficient than the creation of backwater ponds
in reducing peak discharge and stream power, for equivalent space investment. However,
both solutions contribute to reduce peak discharge by delaying downstream flow
progression. The predicted values of unit stream power in the Richer Stream were below
35 W/m? in 160 sections (out of 162). As seen in Figure 3.21, this value of stream power
is considered a threshold to distinguish between rivers that can recover their original
sinuosity (> 35 W/m?) and those that will require maintenance in order to reinstate a
sinuous pattern (Brookes, 1987; 1990; 1995; Sear, 1996). Although the existence of such
a threshold remains uncertain (Stacey & Rutherford, 2007), the fact that it was developed
for Danish rivers that are similar to the Richer Stream in many respects (e.g. slope, grain
size, land use) strengthens our confidence that it is applicable in this case. As seen on

Figure 3.14, only the channel reach located between the residential area (municipality of
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St-Marc-sur-Richelieu) and the meandering reach (Figure 2.1) would have sufficient

stream power to naturally re-create meanders. In the other parts of the channel, some

interventions would be required to initiate a sinuous pattern, perhaps using deflectors or

emergent vegetation (Bennett et al., 2002).
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Figure 3.21. River channel adjustment in relation to
thresholds of stream power (Sear, 1996).

In the hydro-morphological model used
in the current research, the effects of
channel re-meandering on stream power
is explained by the increase in channel
capacity coupled with a reduction in bed
slope and a modification of form
roughness due to increased sinuosity.
Little research has been carried out to
quantify the potential hydrological
effects of re-meandering straightened

rivers. A 14% reduction in peak

discharge and 2-hour delay in the

occurrence of flood peaks was previously

calculated following a 10% modeled increase in channel sinuosity in the Steinsel sub-

basin, Luzembourg (Liu et al., 2004). This figure compares well to the 9% reduction

predicted in the Richer Stream.

The simulations performed with a physiographic inundation and flood routing

model suggest that retention ponds can reduce the intensity of peak flows, especially for

events of short returning periods (Chen et al., 2007). The reduction in magnitude of peak
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discharges is then expected to reduce fluvial erosion, slide failure and cantilever failure
(Luppi et al., 2009). In Cecina, the dominant type of erosion mechanism was found to be
seasonally dependent, with fluvial erosion being associated with early autumn events,
mass failure with late autumn and winter events and a combination of the three
mechanisms with spring events. Although the timing of each mechanism in the Richer
Stream may differ from those found in Italy, erosion is likely to be reduced with the
installation of retention ponds. The rising and falling limbs of the hydrographs
downstream of ponds were equally found to be smoother than those without such
facilities (Chen et al., 2007). Since a sudden loss in confining pressure created by the
river after the peak flow (when the adjacent soil is still saturated) is responsible for mass
failures (Rinaldi et al., 2004), smoother hydrograph slopes could also contribute to
stabilising the channel. This approach should facilitate the maintenance of channel

capacity and reduce the reliance on environmental adverse techniques such as dredging.

No comparison is possible with regards to pond configuration since, to the best of
my knowledge, no previous study examined the selection and number of ponds to be used
to optimize the hydrological outcomes of such a solution. The results suggest that less but
larger backwater ponds are expected to be more efficient in reducing specific stream

power than many small ponds.

Although the hydro-morphological model did not assess the filtering potential of
the proposed approaches, both of the tested solutions are likely to prevent sediments and
pollutants originating from adjacent fields to reach the stream. In a previous study, a 18
to 82% reduction in suspended solids from the pond water effluent was measured using

various types of 3 m wide grassed strips, depending on solid sediment input, bank slope,
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and grass species (Ghate et al., 1997). Similarly, a 6 m wide grass strip was found to be
efficient in trapping large particles at various degrees depending upon grass length and
soil conductivity but also on particle size, grass density and sediment density (Deletic,

2001).

A sustainable channel stabilisation program should seek to let a river self-regulate
while minimizing maintenance works. Furthermore, any technical assessment needs to
take account a range of possible weather conditions. Since the annual amount of rainfall
received in northern Europe during the last century increased over natural variability
levels (Scholz, 2007), further research works should equally investigate the hydrological
effects of each approach against anticipated climate conditions using one or several of the
SRES (Special Report on Emissions Scenarios) families of climate change scenarios
defined in The Fourth Assessment Report of the IPCC (Intergovernmental Panel on
Climate Change): A1B, A2, B1, and B2. Since current green house gas emissions exceed
both the Al and B2 scenarios and are closer to A2 (Raupach et al., 2007), the A2 scenario
should be tested in priority. Adding ponds is expected to attenuate the impacts of
anticipated larger floods under climate change scenarios, but it may also help minimizing
risks on fish habitat of long periods of low flow with high temperature. The
diversification of morphologies associated with increased sinuosity (i.e. pools) reduces
low flow risks compared to uniform straight channel. As illustrated in Figure 2.1c, a

sinuous channel may also provide additional water storage within higher channel berms.
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Chapter 4 — Local scale management strategies

The effects of installing stream barbs and bed weirs in the urban reach of the Richer
Stream are examined through velocity maps. Only part of the simulation domain is shown
in each map to properly display streamlines and flow direction vectors. The maps are
centered near the zone of maximum velocity in the case of the 125° bend and on the

second structure in the case of the straight reach.

4.1. Stream barbs

The objective of redirecting high flow velocities near channel centre to reduce near-
bank velocities is partially met with the installation of stream barbs in the 125° bend. As
similar patterns were observed at medium flow stage, only high flow stage results are
presented here since the overall changes in flow patterns are greater at the highest flow
stage. At high flow stage, surface and mean velocity magnitudes are greatly reduced near
the outer bank and increased near channel centre compared to the case with no barbs
(Figure 4.1). Streamlines are laterally compressed towards the inner bank and are
oriented parallel to channel banks instead of being directed to the apex (Figure 4.2).
Velocity magnitudes increase with depth near the center of the channel and the lateral
symmetry of flow velocities is enhanced between cross-sections 5 and 11 (Figure 4.3).
Few changes in secondary current patterns occur throughout the bend. Counterclockwise
current forms in cross-section 6 whereas cross-sections 7 and 8 are subject to stronger
downwelling currents near the toe of the right bank. The changes in secondary currents in
cross-sections 7 and 8 are expected to reduce the rate of near-bed sediment transport
towards the right bank and therefore prevent the accumulation of sediment and associated

increase in sinuosity at this location. However, cross-section 6 is expected to undergo
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opposite morphological changes due to downwelling current near the left bank.
Therefore, the net effect of stream barbs on sediment accumulation in this bend is
uncertain. Overall, surface velocities are reduced near the outer bank whereas bed
velocities are locally increased. Since near-bed velocities are generally much lower than
surface velocities (0.01 m/s near the bed compared to 0.45 m/s on the surface on average
at high stage) and since velocity reductions are more important than velocity increases,

stream barbs are likely to be beneficial to channel stability.

Generally, as flow stage increases, so does maximum velocity at the water surface
and the potential for bank erosion. However, because of the trapezoidal shape of the
Richer channel, an increase in flow depth leads to a proportionally greater increase in
flow cross-sectional area and lower maximum velocities at the surface at high than at
medium flow stage. Nevertheless, stream barbs have a marked impact on the location of
the high-velocity zone, which is shifted from the left bank to the center of the channel
(Figure 4.2), considerably reducing the risks associated with the high surface velocities.
Increasing the flow stage whilst preserving stream barbs results in surface flow velocity
changes that are mainly located near the right bank (looking downstream) and between

each pair of consecutive barbs.
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Figure 4.1. Change in velocity magnitude at high stage following the installation of
stream barbs in the 125° bend. Flow is to the right.
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Figure 4.3. Slices of velocity magnitudes at high flow stage in the 125° bend (a) without barbs and (b) with
barbs. Flow is to the top. A distance of 4.5 m separates consecutive slices. The white dashed line is the
streamline of maximum velocity whereas the black semi-ellipses containing red arrows represent the main
patterns of secondary currents in each of the twelve cross-sections.
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4.2. Bed weirs

A high velocity zone forms at the center of the channel on the lee side of each V-
shaped weir, which gradually fades out downstream (Figure 4.4). This zone is elongated
in the case of surface and mean velocities, and elliptical in the case of bed velocities.
Flow velocities are reduced downstream of each weir on both sides of the fast flowing
central vein. The most important changes in surface velocities occur downstream of the

first and fourth weirs, with less change associated with the second and third weirs.

Streamlines indicate flow convergence near channel center (Figure 4.5a). The zone
of maximum flow velocities is relocated towards the bed as vertical constriction increases
(Figure 4.5b). Upstream of the V-shaped weir (positioned at cross-section 5 on Figure
4.5b), no strong secondary circulation pattern exists. The two symmetrical helical
circulation cells that are produced on the lee side of each weir (at cross-sections 6 and 7,
rotating clockwise near the left bank and counter clockwise near the right bank) are
expected to help the pool morphology self-sustain by preventing sediment accumulation.
The two circulation cells then merge in a single counter clockwise-rotating cell at cross-
sections 8 and 9. The direction of rotation seems to influence flow orientation towards the
left bank in the downstream cross-sections. However, the main vein of the flow remains
aligned with the banks in the center of the channel up to more than 28 m downstream of

the structure.

Velocity increases near the bed raise a question as to the potential destabilising
effects that these structures may have. However, with appropriate bed protection
downstream of the V-shaped weirs to protect the bed from downwelling currents (on a

distance of about 10 m), the tested structures are expected to reduce bank erosion in the
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straight reach.

Important differences exist in the flow patterns resulting from the installation of the
straight or VV-shaped weirs. Although not illustrated, straight weirs increase flow velocity
near stream banks and reduce it near the center of the channel. These changes (which are
opposite to those created by V-shaped bed weirs) are likely to promote bank erosion and
channel instability. The trapezoidal shape of the channel combined with the small width-
to-depth ratio in this agricultural channel may explain this trend. Since the flow is
vertically constrained, part of the water that was flowing in the fast central vein prior to
the installation of the straight weirs is deviated upward then laterally. This situation
results in an increase in the magnitude of near-bank velocities, as is the case with the
highest degree of constriction in which the flow is deviated towards the left bank. Two
helical cells form downstream of the weirs, but these are not symmetrical (as was the case
for the V-shaped weirs). There is overall little evidence that the straight design can be of

any utility in stabilising a straight natural reach.

A weir modifies velocity patterns up to the next weir at high flow stage (Figure
4.4). Conversely, the weirs only modify the flow locally at medium flow stage with the
main changes found immediately downstream of each structure. The increase in flow
stage also affects the change in velocity, with higher stages leading to greater positive

and negative velocity changes.

Modifying the degree of obstruction by raising or lowering bed weirs considerably
modifies flow velocities and patterns. Although not illustrated here, low V-shaped weirs
that are subject to high flow stage produce an increase in velocity magnitude near the left

bank and a decrease near the right bank. With high V-shaped weirs, a high-velocity vein
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forms at the center of the channel and a decrease is found near the banks (Figure 4.4).
The fact that the flow patterns observed at high stage with high weir are similar to those
obtained at medium stage with low weir suggests that the degree of vertical constriction

is responsible for flow convergence, realignment, and acceleration near channel bed.
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Figure 4.5. (a) Surface and (b) lateral slices of velocity magnitude (in m/s) at high
stage following the installation of high V-shaped bed weirs in the straight reach. Flow
is to the top. A distance of 4.1 m separates consecutive slices. The black semi-ellipses
containing red arrows represent the main patterns of secondary currents in each of the
twelve cross-sections.

106



4.3. Discussion
4.3.1. Stream barbs

The examination of the hydraulic effects of installing stream barbs in a curvilinear
experimental reach suggests that these structures can improve channel stability. It was
found that stream barbs reduce near-bank velocities on the outer side of the bend by
redirecting stronger flow velocities near channel centre. These findings are in agreement
with 3D simulations (with the model SSIIM) of flow and sediment patterns in 90° and
135° experimental flumes (Minor et al. 2007a,b) as well as 3D simulations showing the
morphological impacts of adding seven barbs in a natural bend, which showed that
erosion on the outer bank can be prevented due to reduced velocities and bed shear stress

values in this region (Jamieson et al., 2009).

Adding stream barbs may also have undesirable effects, for example due to flow
acceleration near the tip of each barb (Figures 4.1) which could limit the effectiveness
and durability of the structures. These zones of flow acceleration could locally trigger
scour and thus affect the stability of the structures first put in place to stabilise the
channel. The morphodynamic simulations performed by Minor et al. (2007a) found that
these scour holes develop off the tips of the barbs. Scouring can however be attenuated
by lowering the weir section of the barb in respect to bankfull depth (Matsuura &
Townsend, 2004). Also, larger velocities near the bank may locally accentuate erosion.
Although stream barbs do not break the helical flow, downwelling structures are stronger
than without stream barbs but displaced near the channel center (Figure 4.4). This
situation could lead to a reduction in the sediment migration rate towards the

accumulation zone on the opposite bank (due to the absence of sediment to erode near
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barbs) or it could initiate bed incision. However, stream barbs were found to have little
impact on deposition along the inner bank (Minor et al., 2007b). Reducing barb spacing

and installing vegetation on channel banks could help mitigating potential scour issues.

4.3.2. Bed weirs

According to the 3D flow hydraulics modelling results, the installation of V-shaped
bed weirs in a straight reach of the Richer Stream near the urban area of Saint-Marc-sur-
Richelieu is expected to improve channel stability. Flow realignment towards channel
centre causes a reduction in near-bank and near-bed velocities. The examination of flow
patterns around this type of weir using the 3D model SSIIM also revealed the existence
of two near-surface merging velocity zones and of two oppositely-rotating secondary
current cells (Bhuiyan & Hey, 2007). However, Bhuiyan and Hey (2007) found surface
jet to extend further downstream with higher level of submergence, which is
contradictory to what was found here: an increase in vertical flow constriction enhances
the patterns associated with flow realignment. The analysis of the effects of straight weirs
suggests that these structures are detrimental to the stability of the Richer channel due to

flow deviation towards the left bank and due to increased near-bank velocities.

The zone located immediately downstream of each bed weir may require bed
protection to ensure the stability of each instream structure. This downward flow
deflection downstream of the weirs was also noted by Abad et al. (2008) after

investigating the effects of bendway weirs using FLOW-3D.
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River channelization was mainly undertaken to lower water table in adjacent fields
to improve agricultural potential (Brookes, 1987). Since the top of each tested weir lies
significantly below field elevation (i.e. weir height of 0.60 and 1.06 m compared to an
average channel depth of 1.63 m), the installed structures are unlikely to affect root
development in adjacent fields. For instance, yields of soybeans were found to be
maximized at suitable water table level (70 cm and 40 cm depths, respectively for wet
and dry years) that can be adjusted according to the amount of rainfall received (Shimada
et al., 1995). Yield increases up to 6.9% and 37.3% (above free drainage values) were
reported with water table level management for corn and soybeans, respectively (Mejia et
al., 2000). The same study recommended a water table depth of 0.75 m for corn and
soybean, two plants species widely used in the Richer watershed. If the weirs were to be
raised further than in the simulations, an assessment of the effects of table rise on root

development would be required.

Since field drainage systems are common in the Richer watershed, the impact of
locally rising base flow stage (i.e. following the installation of bed weirs) would need to
be investigated to make sure that the drainage is still efficient. The modification of
drainage systems may increase the costs of this project whilst malfunctions in these

systems may affect crop development.

Ecological effects

The straight and V-shaped weirs used in this study were designed so that they could
easily be imported in the 3D numerical model. In reality, some modifications to weir
thickness, orientation and shape may be desirable to ensure that these structures do not

hinder fish migration. Fish passage over unnatural barriers depends on water depth and
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velocity (upstream, throughout and downstream of the structure) and fish capabilities to
swim and jump (Litvan et al., 2008). Although interspecies differences exist in athletic
capabilities among fish species, all these aspects could potentially prevent passage over
the employed weirs. Fish ladders are unlikely to ensure smooth fish passage under a
range of flow conditions due to the prevailing low flow stage condition in the Richer
Stream. Folded weirs were found to help achieving such objective compared to simple
straight weirs (Bhuiyan & Hey, 2007). Similarly to vertically-placed screens that are used
to dissipate energy below hydraulic structures (Bozkus et al., 2007), the concept of
porosity could be incorporated in weir design to enable fish migration under any flow
condition whilst ensuring that the weir provides enough flow constriction at medium to
higher stages. Screens with a porosity of 40% were found to dissipate more energy than
classical nonporous hydraulic jumps (Rajaratnam & Hurtig, 2000). A potential limitation
to that solution could arise from infilling with bed material. Channel banks in the Richer
Stream were found to be unstable with current steepness and vegetation assemblage
(Rousseau & Biron, 2009), leading to bank collapse and the accumulation of bank
material on the stream bed. A condition for these structures’ suitability is the stabilisation
of channel banks, which is partially achieved by the weirs. If efforts are placed on
stabilising channel banks (i.e. by installing vegetation and using gentler bank slopes), bed

weirs could promote bank stability whilst having only a small impact on fish species.

Bed weirs are also expected to create fish habitat by offering an artificial sequence
of pools (before and after each weir) and riffles (over the weir and between two
consecutive structures). Such features were found to improve habitat quality in a

straightened channel (Rhoads et al., in press). Although a total recovery of the fish
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community is unlikely without a true reconnection with the floodplain, the construction
of deep pools is expected to make stream communities more similar to those in less

degraded stream (Shields et al., 1998).
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Chapter 5 — Cost-benefit analysis

5.1. Introduction

As part of the CDAQ grant that funded this project, the company Parish Geomorphic
Ltd. has produced a cost-benefit analysis for the methods that have undergone flow
hydraulics modelling (i.e. installing stream barbs or V-shaped bed weirs) and hydro-
morphological modelling (i.e. creating meanders or backwater ponds) (Tables 5.1 and
5.2). The simulated strategies are anticipated to improve channel stability or ecological
habitat quality and diversity. Other approaches of bank stabilisation with vegetation and
flow retention facilities are also evaluated due to their rising popularity in watershed
management. Two additional strategies are evaluated as a comparison basis: 1) letting the
stream evolve naturally whilst limiting intervention, and 2) dredging the channel every ten

years to re-establish the desired dimensions.

Although several variations of each method exist (e.g. material, shape), the
investigated methods adequately represent the main types of strategies used in modern
restoration projects and in the management of highly modified channels. For instance, spur
dikes and vanes are expected to necessitate similar building material and create a flow
field similar to that resulting from the use of stream barbs: these structures all redirect the
flow toward the center of a channel in a bend. Therefore, the effort was put on analysing

methods that belong to different types of intervention.

In addition to evaluating the anticipated building costs, Parish Geomorphic Ltd.
commented on the technical feasibility of some of the proposed methods using their
expertise in river restoration planning and enhancement. Furthermore, they have

quantified the environmental and cultural benefits at different temporal scales. An overall
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W01 - Riparian buffer zone improvement

(A) Setback of cultivated area and subsequent planting of the riparian zone, including trees
(B) Setback of cultivated area and subsequent planting of the riparian zone, not including
(C) Setback of cultivated area and allowing natural regeneration

- Widening of riparian buffer strip over 5.5kmto improve riparian vegetation structure and
stabilize the
- Riparian strip of 15mon both banks.

- Straight planform of the river remains unaltered.

W02 - Remeandering

- Re-meandering of 5.5km of the channel to
increase sinuosity to a value of 1.25 and reduce
bed slope to 0.102% within an established river
corridor.

- Could be combined with riparian buffer zone
planting.

- Calculation of river corridor width : 45.6 m

- Meander belt width : 33.0m Source: NCHRP, 2005
- Factor of safety (10% of belt width) : 6.6 m
- 3mregulatory buffer (both banks) : 6m

W03 - Back water ponds

(A) 3 backwater ponds of 40,000 m2 each
(B) 6 backwater ponds of 20,000 m2 each
(C) 12 backwater ponds of 10,000 m2 each

- Addition of backwater, scrapes or
floodplain marshes to reduce instream
peak flows.

- May have various shapes, capacities and
orientations.

- Pond depth is assumed to be equal to s
adjacent channel depth whilst shape is =T : 4
assumed circular. Source: Cowxand Welcomme, 1998

W04 - Multi-stage channel

- Creation of a low flow channel within a larger High water
channel over 5.5km.

- Channel volume assumed to be 200% larger than
original.

- Base-flow channel can actively meander within
the larger channel.

- Higher discharges are held within the larger
channel.

Low water

Source: Cowxand Welcomme, 1998

Table 5.1. Potential stabilisation solutions and sub-solutions applying to the watershed scale.
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LO1 - V-shaped weirs

- 4 weirs placed in a 320 mriver reach located
between two river bends north-east of St Marc-
sur-Richelieu.

BURIED
FILTER CLOTH
PLASTIC MESH

Fli
- Weir configuration: A ol " wost PasTic -

MESH

- Thickness: 2mthick in the center
- Width: same as flow surface width
- Height: 0.6 mor 1.06 m

- Spacing: 50m between structures

LO2 - Stream barbs

- 6 barbs installed in a 125° upstreambend of the
urban area of Saint-Marc-sur-Richelieu.
- Barb dimensions :
- Length:45m
- Width :40cm
- Height : 1.48 mnear the outer bank
(90% of bankfull depth)

LO3 - Newbury rock riffles

- 4riffles placed in a 320 mriver reach located
between two river bends north-east of St Marc-
sur-Richelieu.

- Dimensions :

- Height : 0.6 mat crest with average thickness
of 0.3m.

- Length : 6 mfor the downstream face and 2m
for the upstream with a total length
of 8m. Source: NCHRP, 2005

LO4 - Bank stabilisation

- Combined treatment of toe rip-rap, coir and
plantings.

- Length of bank treatment between the
two river bends north-east of St Marcsur-
Richelieu : 320m

Table 5.2. Potential stabilisation solutions and sub-solutions applying to the reach scale.
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assessment score is attributed to each method according to the following aspects and
weights: technical effectiveness (50%), implementation costs (20%), secondary benefits
(10%), ease of implementation (10%), and the timescale required for the achievement of

benefits (10%).

5.2. Summary of the cost-benefit analysis

The results of the cost-benefit analysis produced by Parish Geomorphic Ltd.
suggest that watershed scale solutions involving riparian buffer zone improvement are
expected to provide more benefits than the other investigated solutions (Table 5.3, Figure
5.1). This is especially true for the natural regeneration approach which is cheaper
although probably technically less effective than tree planting. The creation of backwater
ponds and the creation of multi-stage channel have lower scores. Finally, dredging
(which is the method currently employed to temporarily deal with bank instability issues)
has the lowest score due to its failure to address the causes of instability and due to the

homogenisation of channel morphology and flow conditions that it generates.

On a local scale, V-shaped weirs and Newbury rock riffles are attributed lower
scores (Table 5.3). Both solutions contribute to diversifying flow patterns and channel
morphology in the modified reach in addition to reducing near-bank velocities.
Conversely, stream barbs have similar localized benefits on stability but provide little, if
any habitat enhancement. Finally, bank stabilisation protects designated banks in a
natural fashion. However, such a method is likely to require maintenance (i.e.

supplemental costs) and trigger erosion on the opposite or adjacent bank.

From an economical perspective, riparian buffer zone improvement, the installation

of hydraulic structures and dredging are the most affordable techniques when considering
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Scale Method Owerall

score
(of 5)

Watershed  WOIc - Riparian buffer zone improvement - Natural regeneration 4.18
WO01a - Riparian buffer zone improvement - Including trees 4.00

W02 - Re-meandering of river corridor 3.88

WOL1b - Riparian buffer zone improvement - Not including trees 3.75

W03a - Creation of backwater ponds - 3 x40,000 n? 3.10

W04 - Creation of multi-stage channel 3.00

WO03b - Creation of backwater ponds - 6 x 20,000 m? 2.93

WO03c - Creation of backwater ponds - 12 x 10,000 n? 2.75

Dredging - Once every 10 years 1.60

Local LO1 - V-shaped weirs 3.60
L03 - Newbury rock riffles 3.50

LO2 - Stream barbs 2.80

L04 - Bank stabilisation 175

Table 5.3. Overall assessment scores of potential solutions (Parish Geomorphic Ltd., 2010).

35 4+

CBA score
|
I

Wola W01b Wole wWo2 W03a WO03b W03c Wo4 Lol Lo2 L03 Lo4 Dredging

Potential Solution Reference Number

O Technical Effectiveness Score O Cost Score O Secondary Benefits Score

O Ease of Implementation Score O Timescale for implementation Score

Figure 5.1. Assessment scores for each solution, per criterion (Parish Geomorphic Ltd., 2010).
the spatial extent to which they apply. Conversely, bank stabilisation with vegetation and
the creation of backwater ponds or of a two-stage channel have lower cost effectiveness,

as illustrated in the assessment score diagram (Figure 5.1).
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5.3. Funding sources for restoration projects

Obtaining funding is a key step in river restoration and can alone decide on the
degree of intervention (from emergency to preventive or enhancement actions) that is
possible for a specific project. A review of the funding programs offered in Québec was
undertaken to locate the existing sources within governmental agencies and other private
organisations, understand the underlying conditions linked to their attribution, and
determine the type of costs for which funding is available. The following organisations
can financially support local initiatives: Fondation de la faune du Québec, Wildlife
Habitat Canada, Ducks Unlimited, Conseil pour le développement de 1’Agriculture au
Québec (CDAQ), Ministere de 1’Agriculture, des Pécheries et de 1’alimentation du

Québec (MAPAQ), Financiere agricole du Québec.

Although the eligibility conditions for financial support vary among the
foundations and programs, there are however some trends. Many foundations are
involved in wetland protection and habitat recovery but not necessarily in river
rehabilitation. Fish habitat enhancement activities are usually well supported but they are
often primarily intended to support fisheries activities which have significant economic

benefits for some regions. Overall, smaller projects tend to receive more support.
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Chapter 6 — Conclusion

Channel straightening and enlargement works have been undertaken in the 20™
century to promote faster water evacuation from agricultural lands and to facilitate crop
maintenance and harvest. Later, the installation of underground soil drainage networks
further improved the drainage of fine-textured soils. Recent interventions in lowland
watersheds near Montréal have largely focussed on solving local issues including bank
collapse and bed incision rather than elaborating management plans at the watershed
scale. The methods used to counter the natural tendency of a formally-meandering
channel to redevelop a sinuous pattern after being straightened mainly include dredging
and the installation of riprap on unstable banks. Although innovative solutions are

sometimes employed in pilot projects, they remain only marginally used.

At the watershed scale, the hydro-morphological model predicts that the installation
of backwater ponds and the creation of a sinuous layout would both significantly reduce
stream power at bankfull stage. However, the cost-benefit analysis undertaken by Parish
Geomorphic Ltd. suggests that any type of re-meandering solution would be more
efficient than installing backwater ponds in reducing stream power when considering

other aspects such as financial costs, implementation ease and environmental benefits.

At the local scale, the 3D hydrodynamic model was employed to test the impact on
the flow field of implementing stream barbs in a bend and bed weirs in a straight reach.
The simulations reveal that stream barbs reduce near-bank velocities on the outer side of
the bend whereas V-shaped weirs appear efficient in reducing the magnitude of near-bank
velocities in the straight reach. From a cost-benefit point of view, the V-shaped weirs

however obtained a higher overall assessment score due to potential environmental
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benefits derived from flow and morphological diversification.

In addition to river stability issues, the ecological impacts of various management
strategies should be taken into account. For example, the water retention created by the
weirs would provide greater volume of water for fish and possibility colder and more
stable temperatures. If fish migration under any flow condition is a concern, a fish

passage structure could be used, although it may require additional maintenance.

Farmers and agro-environmental consultants have put significant efforts in
minimising fertilisation requirements. However, some of the chemicals are not entirely
absorbed by crops and reach the hydrological network, leading to the spread of blue-
green algae. The absence of intolerant and intermediately-tolerant fish species within the
Richer Stream is a good indicator that habitat quality could be improved. The
homogenisation of channel morphology and the destruction of habitat resulting from the
recurrent dredging works are equally inefficient in stabilising the channel and fatal for
intolerant fish species. The required costs of the current management strategy (even in the

short term) in this watershed suggest that public money could be more efficiently spent.

The implementation of watershed scale solutions may appear as a move backwards,
at a time when farming was difficult due to the presence of fine-textured soils (poor
drainage) and complex river layout. However, since the underground drainage systems
greatly improves soil drainage, a more natural layout with bends and backwater ponds
appear as reasonable alternative management solutions. In zones that are highly sensitive,
or where space requirements are not available (e.g. in the urban development zone), barbs
and bed weirs would limit instability problems.

Although alternative approaches to channelization exist, there are currently some
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limitations to the accuracy of the predictions associated with their implementation. The
very limited number of published monitoring reports contributes to this source of
uncertainty. Also, some hydraulic structures such as bed weirs were solely tested in
flumes rather than in natural settings. Finally, the agricultural context is only one of
several contexts in which a stabilisation approach can be applied. Simulation cases
involving vegetation were found to be the most promising in the cost-benefit analysis
with regards to their anticipated low level of maintenance and environmental benefits.
Properly including the effects of vegetation in models remains, however, a challenge.
Vegetation affects both the flow field and bank cohesiveness and stability, but the
complexity of these physical processes precluded their inclusion in the model. More field
measurements in straightened channels with both vegetated and unvegetated banks would
be a first step in improving our understanding of these impacts, which could also be used
to verify and validate a more powerful hydro-morphological model that would take

vegetation into account.
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Appendix A - Specifications of the hydro-morphological model

A.1.Overview

The current section technically describes the hydro-morphological model. It was
developed in Stella in 2008 (and converted into a Java standalone application in 2010) to
predict sediment transport rates and the location of accumulation/erosion zones for various
watershed configuration schemes involving channel morphology, planform or vegetation
cover alteration and for various climate change scenarios. The model is composed of three
modules dealing with climatologic, hydrological, and sediment transport physical
processes. The model was developed to use few variables and to require climatic / weather
data that are available online at no cost. The National Climate Data and Information
Archive from Environment Canada was used to parameterize and calibrate the hydro-
morphological model. Two sections of this online database are particularly relevant to this
model: (1) Climate Data Online and (2) Climate Normals & Averages. The first section
provides historical weather conditions for the major weather stations in Canada whereas

the second section displays climate statistics for an extended number of stations.

Running modes

The model can either run under historical or randomly-generated conditions. In the
random mode, atmospheric conditions are generated based on climate statistics available
from any weather station. Instream flow conditions are predicted for a specific section of
the river, based on the amount of precipitation received in the previous days. Flow
discharge is then calculated for each section and is a function of the area contributing to

the flow observed at the section for which the discharge is evaluated.
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Channel morphology and morphodynamism

The channel is defined as a series of interconnected trapezoidal sections in which
each section empties both liquid and solid discharges in the adjacent downstream section.
Each section has unique length, bed width, depth, bank angles, bed slope, sinuosity and
floodplain characteristics (average depth and slope). Channel morphological adjustments
are a function of the sign and magnitude of the imbalance between the sediments entering
and leaving a section. Here, bank failure mechanisms are simplified in the following
manner. If the volume of sediments entering a section is larger than the volume leaving it,
the sediments uniformly accumulate on the bed. Otherwise, the bed erodes until its width

is equal to zero, after which the steepest bank erodes.

A.2.The weather generator

The input parameters required by the weather generator (with the exception of
precipitation depth) are generated from monthly climatic averages. Daily wind speed,
snow depth, relative humidity and atmospheric pressure are simply interpolated from
monthly values. However, the air is assumed to be saturated during precipitation events.
Snow depth is only required the first day of simulation; in any other day, it must be
consistent with antecedent snow depth and daily snowmelt, sublimation and snowfall.
Daily average atmospheric temperature is generated from the climatic average value and
its standard deviation. Minimum / maximum daily temperatures are adjusted using the
difference between monthly average and minimum / maximum temperatures. Minimum

and maximum temperatures are assumed to occur at the same hour every day.

Since temperature varies during the day and that certain processes depends on its
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value, namely the type of precipitation and evaporation, the model splits each day in
numerous parts (2 to 6 parts, in which the conditions are assumed to be constant)
depending on the range of temperatures encountered during the day. For instance, a
complex situation can result from a range of temperatures including both positive and

negative values (Figure A.1).

Max

0°C

Atmospheric temperature

Min

0:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 24:00
Time

Figure A.1. Division of a single day as a function of atmospheric temperature extremes and of the
temperature at 0:00 and 24:00.

Stream water temperature

Maximum daily stream water temperature is predicted using the atmospheric
temperature of a certain day of the year and the normal water temperature for the same
day and the two previous days. The normal trend in water temperatures (referred below
as the annual component) is described by a combination of Fourier and Sine functions
whereas the short-term departures from normal values are predicted using a second order
Marcow process (Caissie et al., 2001). The residual of air temperature Rajq (departure
from normal temperature) is given by:

Ra, =Ta -Ta

(Equation A.1)

jd,simulated jd,normal
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where Tajgsimulated @NAd Tajgnormal are the modeled and normal air temperatures for the
Julian day jd, respectively. The current residual of water temperature Rwjq is given by:
Rwy, = A, -Rwy, + Ay, -Rwy, , +k-Ra (Equation A.2)

where Ry, R, and k are constants and:

RWjd—l = TWjd—l,simuIated _TWjd—l,annuaI_component (Equation A"?’a)
RWjd—Z = TWjd—Z,simuIated _TWjd—Z,annuaI_component (Equation A"?’b)
R, -0l-R,_
Ajd—l == ( 2 L 2) (Equation A.4)
1- Rjd—l
R,, R
Ay, = 'dz—zjdl (Equation A.5)
1- Rjd—l
The predicted water temperature TWjgsimulated 1S then given by:
TWjd,simuIated = TWjd,annuaI_component - I:\)\de (Equation A'6)

where the annual component of water temperature TWjq,annual_component 1S given by:

TWjd,annua,_component =a+b-sin@ (Equation A.7)
where a and b are constants and @ is the position associated with the day jd within the
annual component of water temperature (in radians) :

27

0 .
365

(jd —1+t0) (Equation A.8)

where and to is a constant. The value of each coefficient used was determined for the
Richer watershed by minimizing the root-mean square error between predicted and actual
values for all days comprised in the historical dataset. The optimal values are R;=0.507;
R»=0.183; k=0.312, a=9.10, b=11.03 and ty=-114.20. The curves of actual and predicted

water temperatures are provided in Figure A.2.
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Figure A.2. Historical and predicted water temperature in the Richer Stream between 6 June 2008 and
3 December 2009 after Marcow chain analysis.

A.3.The hydrological module

The hydrological processes included in the current version of the model are
transpiration, evaporation, sublimation, snow melt, and strem flow. Evapotranspiration is
calculated using three different equations to account for the monthly variations in the
vegetation cover. Two assumptions were made. Firstly, vegetation is present only during
the summer months in the agricultural fields. Secondly, crops are always harvested before
snow begins to fall. In the months were no vegetation is present and the soil is not frozen,
a simple evaporation equation is used. When vegetation is absent but the soil is frozen, a
sublimation equation is used. When vegetation is present, an evapotranspiration equation

is used. The current section details the required equations for the three cases.

Cloud cover and precipitation

The approach followed to generate cloud cover and precipitation depth, duration and

start time reflects the irregular character of precipitation events. Firstly, a precipitation
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index (with a value between 0 and 1) is generated to influence the degree of cloudiness
and the amount of precipitation received. An index of 1 involves a low cloud cover
without any precipitation whereas an index of O translates in a dense cloud cover and
heavy precipitation. Note that cloudiness also affects the proportion of solar radiation
reaching the ground and therefore influences the evapotranspiration rate. Cloudiness is
solved considering the number of daylight hours, the precipitation index and the normal
proportion of hours with low (0 to 25%, average of 12.5%), medium (25 to 75%, average
of 50%) and high (75 to 100%, average of 87.5%) cloud cover for the current month. The

following equations are solved:

Hiotat = Hiow,i + Hmedium,i + Hhigh,i (Equation A.9)
C - Hiota = 0.125 - Hiow,i + 0.500 - Hiedium,i + 0.875 - Hhign,i (Equation A.10)
C=1-1, (Equation A.11)
R1 = Hmedium,monthty / Hiow,monthly (Equation A.123)
R2 = Hhighmonthly / Hiow,monthiy (Equation A.12b)
R3 = Hhighmonthly / Himedium,monthly (Equation A.12c)

where Hia is the number of daylight hours and Hiow,i, Hmediumi and Huigni are the
calculated number of hours with low, medium and high cloud cover, respectively during
daylight for the solution 1 <i < 3. Hiow,monthly, Hmediummonthly 81d Hhighmonthiy are the monthly
number of hours with low, medium and high cloud cover. Cloudiness C is a function of
the precipitation index I,. Equations A.12a-c are used to respect the proportions between

the expected type of cloud cover according to monthly statistics. Then:

H = (Equation A.13a)
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3

Z H medium,i

i=1 .
H medium — 'T (Equation A.13b)
3
Z H high,i
i=1 .
Hpign = 'T (Equation A.13c)

where n is the number of possible solutions. Hiow, Hmedium and Hhigh are the predicted
number of hours with a low, medium and high cloud cover, respectively for the

precipitation index Ip.

Precipitation depth, duration and scheduling

Precipitation depth, duration and start time are randomly generated from the
precipitation index. The distribution of precipitation intensity is well represented by a two-
part gamma function, applying either to the lower or higher range of fx values. Duration is
represented by a single part. The gamma function is given by:

%

fX: I(k_l)'—'k
T k-

A (Equation A.14)

X'=x-k, +A, (Equation A.15)
where k and @ describe the shape and scale of the curve (>1), respectively. The variables
Ky, Ky, Ax and Agy are used to adjust further the shape and scale of the curve with historical
values. The variable fx is the dimensionless magnitude of the variable of interest (a value
between 0 and 1), i.e. precipitation intensity or duration with x being the value associated
with this magnitude. Using the data interpolated from five weather stations near the Richer
watershed, the following coefficients were used to fit the duration curve: 6=1.0; k=1.0;
ks=7.25; Ax=1.5; k=173.130905; A#=-0.027435; fXnax=34.0; Xmax=1.0. The following
coefficients were used to represent the upper range of fx values (equal to 0.008100) for
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precipitation intensity: 6#=1.6; k=1.08; ky=12.1527; 44=0.1; k=0.445795; A4+,=0.0075. The
following coefficients were used to represent the lower range of fx values for precipitation
intensity: 6=4.0; k=1.0; k«=4.131; 4,=0.4; k=0.083641; 4+=0.00003. However, in both
cases fxmax=0.193232 and Xnax=735.68. The gamma curves resulting from these
coefficients are shown in Figure A.3. Note that these dimensionless curves may apply to

other watersheds if they are subject to similar climate conditions.
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0 _ \ = = = Duration
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Dimensionless magnitude
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(in respect to the maximum value of each variable)

Figure A.3. Gamma curves illustrating the relationship between dimensionless
magnitude and dimensionless precipitation intensity or duration using the historical
data available at five weather stations located near the Richer Stream, Saint-Marc-sur-
Richelieu, Québec: Trudeau Airport (Montréal), Natural Gault Reserve (St. Hilaire),
Ste. Madelaine, St. Antoine and St. Amable.

Precipitation occurs only if Cahg (@ randomly generated value between 0 and 1) is
greater than 1 - kprec (the yearly proportion of days with precipitation). If such is the case,
the dimensionless magnitude of duration is given by:

Crand - (l_ k

duration k
prec

prec)

fx

(Equation A.16)

The duration of precipitation Xquration 1S found by solving Equations A.6 and A.7 for x. The
magnitude of precipitation intensity fXintwensity IS given by:
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fx (Equation A.17)

intensity, max

fx C

intensity — “rand
where fXintensity,max IS the maximum precipitation intensity. Precipitation intensity Xintensity 1S
found by solving Equations A.14 and A.15 for x. The right set of coefficients must be
selected in order to perform the calculation using the right gamma curve. Precipitation
depth is found by multiplying Xintensity @nd Xquration. The time at which precipitation Hstart
starts is given by:

Heare = Crana - (1= Xyuration) (Equation A.18)

where Xquration 1S In days, i.e. a value between 0 and 1. The end time Heng is found by

summing Hstart and Xquration-

The type of precipitation (rain and snow are considered in the model) is determined
using from the current temperature value. Rain or snow applies to temperatures above or
below 0°C, respectively. Fresh snow is assumed to have a density of 10% that of liquid

water.

Snow compaction

The logic and equations related to snow melt are based on the work of Bertle
(1966) that examined the effect of snow compaction processes on runoff with or without
the addition of water. According to these laboratory experiments a snowpack will
produce a runoff only if its density increases up to a threshold value of dpt=40%. The
density can increase after the addition of water from rainfall or snowmelt. The first step
consists in determining the threshold amount of water that will initiate runoff if added to
a snowpack. The threshold depth PDt (in % of initial value) is given by:

147.4-ds, .
PDt = Init (Equation A.19)
ds, . +0.474-dpt

init
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where dsini; is the initial snowpack density (%). The threshold accumulated water content
PWt (in% of initial value) is then given by:

PWt = PDt-147.4 (Equation A.20)

—-0.474

The threshold amount of added water is:

PWt
Wit =—— W . —-W. . Equation A.21
added lOO init init ( q )
where Wi is the water equivalent depth of the snowpack, given by:
W, =D, - dS;; (Equation A.22)

where Diyt is the initial snowpack depth.

If the amount of water added to the snowpack (Waggeq) 1S more important than the
threshold value (Wtadgeq), Water will drain from the snowpack and density of the
snowpack will be equal to dpt. The amount lost (Wqrain) IS given by:

Worain =Wagded = Wlagded (Equation A.23)
and the new snowpack depth Dpey by:

PDt
D =——.D.. Equation A.24
new 100 init ( q )

If the amount of added water is lower than the threshold value, no water will drain
from the snowpack. However, snowpack properties will change. The new accumulated

water content (% of initial value) is:

W +W
_ Winit * Wadded .100 (Equation A.25)

added

PW

The new snowpack depth is:

D, -(147.4-0.474-PW) _
Diew = 100 (Equation A.26)
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and the new snowpack density is:

W . +W
= —'"“; added 100 (Equation A.27)

new

ds

new

Evaporation and sublimation

The evaporation rate is given by:

ET =SVP. L (Equation A.28)

2-7-R-T
where ET is the evaporation rate [kg/(m?-s)], SVP is the saturated vapour pressure [Pa] at

temperature T [K], M, is the molecular weight of water [0.018 (kg/mol)], and R is the

universal gas constant [8.314 J/(mol-K)] (Estermann, 1955; Bohren and Albrecht, 1998, p.
187f.; Andreas, 2007). In the case of the evaporation rate, the Goff equation (1957) can be
used to calculate vapour pressure over water:

Log(SVP, )=

10.79574-(1-273.16/T )—5.02800 - Log(T/273.16)
+1.50475-10 - (L —10(82988(1/27316-0) _1)
+0.42873-107° - (10(“7655027216T)) _ 1) 078614

(Equation A.29)

where T is the temperature [K] and SVP, is the saturated vapour pressure over water

[hPa]. In the case of the sublimation rate, the Goff-Gratch equation (Smithsonian, 1984)
can be used to calculate vapour pressure over ice:

Log(SVP, )= -9.09718-(273.16/T —1)—3.56654 - Log(273.16/T )

(Equation A.30)
+0.876793-(1-T/273.16)+ Log(6.1071)

where T is the temperature [K] and SVP, is the saturated vapour pressure over ice [hPa].

Evapotranspiration

The Penman-Monteith equation (Monteith & Unsworth, 1990) is used to calculate

the evapotranspiration rate:
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Syi — (R, —AHSsoil) + (Ly *VF;D *C,)

ET = - a (Equation A.31)
Sy +7* L+ r—c)

a

vpt
where ET is the evapotranspiration rate [cm/(m2-day)], S, is the slope of vapour pressure
function [kPa/°C], R, is the net solar radiation [MJ/(day-m?)], AH,;, =R, -0.1 is the soil
heat flux [(MJ-day)/m?], L, is the day length [hr], VPD is the vapour pressure deficit
[kPa], C, is the volumetric capacity of the air [0.0012 MJ/(m3-°C)], y is the
psychometric constant [kPa/°C], r,is the reference canopy resistance to vapour transfer

[day/m], and r, is the aerodynamics resistance to vapour transfer [day/m]. The

psychometric constant is given by:

C,-P
T 0622-1

Y (Equation A.32)

where C,, is the specific heat of air [MJ/(kg-"C)], P is the atmospheric pressure [kPa], and

A is the latent heat of vaporisation [2.26 MJ/kg]. The slope of the vapour pressure
function [kPa/°C] is given by:

SVPR,,,, - 4098

Tavg

S . =
P (T, +237.3)

(Equation A.33)

where SVPTavg is the saturated vapour pressure at T, , the average daily temperature [*C].
The saturated vapour pressure is calculated using Equation A.29 or A.30.

Net solar radiation

The following procedure calculated the net solar radiation using basic weather

parameters such as temperature, latitude, Julian day, and vapour pressure at dew point. All
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equations in this section (except those specified) are derived from a sample procedure
used by the Sevier River Water Users Association (2008) to compute net radiation (2008).
The net solar radiation [MJ/(day-m?)] is given by:

R, =0.77-R,-R,, (Equation A.34)
where R, is the measured shortwave radiation [MJ/(day-m?2)] and R, is the net incoming

longwave radiation [MJ/(day-m?)]. In the absence of field data, shortwave radiation may

be derived from temperature data:

R=KT R, yToex = Trin (Equation A.35)

where R, is the extra-terrestrial radiation [MJ/(day-m?2)], T is the maximum daily
temperature ["C], and T . is the minimum daily temperature ['C] (Hargreaves, G.H. &

Samani Z.A., 1982). The extra-terrestrial radiation can be estimated using:

R :24~60

. -G, -d, -[@,,, -sing-sin & +cos - cos S -sinw,,, | (Equation A.36)

sha
T

where G, is the solar constant [0.082 MJ/(day-m?)], d, is the inverse relative distance
Earth-Sun [dimensionless], o, is the sunset hour angle [rad], o is the latitude [rad], s

is the solar declination [rad]. The inverse relative distance Earth-Sun and the solar

declination can be calculated from

d, =1+0.033- cos(i 2 ﬂj (Equation A.37)
365

0 =0.409- sin(i WAY 4 —1.39) (Equation A.38)
365

where J is the Julian day. The sunset hour angle is given by:

,,, = arccos(—tang- tan 5) (Equation A.39)
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The net incoming longwave radiation is given by:

R, = 0.{@](0_34_0_14.\/5).(1.35. RRS _0.35J (Equation A.40)

50
where 4 is the Stefan-Boltzman constant [4.903.10° MJ/(mZ K1 T, is the daily
maximum temperature [K], T is the daily minimum temperature [K], e, is the vapour
pressure at dew point [kPa], and R, is the clear sky-day shortwave radiation
[MJ/(day-m?)] The clear sky-day shortwave radiation is given by:

Ry, =(0.75+2-10° - 2)-R, (Equation A.41)

where z is the site elevation [m] and R, is the extra-terrestrial radiation [MJ/(day-m?)]. The

vapour pressure at dew point [kPa] is given by equation A.3 or A.4.

WP - g’ '(RH rmex /100)"‘ e '(RH min /100) (Equation A.42)

Toew 2

where T . is the minimum daily temperature [K], T . is the maximum daily temperature
K], rRH - is the minimum daily relative humidity (%), and RH ... IS the maximum daily
relative humidity (%).

Snow melt

The relationship between the air temperature and snow melt is given by:
M =0.45-T,, (Equation A.43)
where M is the amount of snow melt [mm/day] and T, is the average daily temperature

["C] (Haith, 1985). The assumptions were made that snow compaction does not occur and

that 1 cm of snow is equivalent to 1 mm of water.
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Flow discharge

The model predicts the maximum daily flow discharge based upon daily
precipitation depths received in the ten previous days. A rainfall score (S) is attributed to

the amount of rain received by giving greater importance to recent days:
S= Z(Rjd 'Wjd) (Equation A.44)

where Rjq is the rainfall depth for the Julian day jd and Wijq is the weight attributed to this
day. The following weights were used to calibrate the model for the Richer Stream
(starting with the current day): 1.00, 1.00, 1.00, 0.90, 0.48, 0.00, 0.00, 0.00, 0.00, 0.00 and
0.00. This means that most of the weight is attributed to the rainfall depth received during
the current day and the three previous days. The peak discharge reached in the Richer

Stream in a day (m?/s) is then given by:

Qpeak = Qb + QAd+ ¢ (Equation A.45)

Q,=a- ghs (Equation A.46)
where a=0.0070, b=0.1100, c=-0.0031, d=0.8872, Qy, is flow discharge before the increase
and Q, is the increase in discharge due to rainfall. The value of each coefficient was
obtained by minimizing the coefficient of determination in the curve of historical Qpeax as
a function of S. A total of 26 events were used, which produced a r* value of 0.98 (Figure
A.4a). This procedure is able to accurately predict peak discharge values with a minimal

amount of data (Figure A.4b).
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Figure A.4. (a) Relationship between flow discharge and rainfall score. (b) Predicted versus actual peak
discharge for 26 events.

The rate of decrease of flow discharge was determined from 25 event hydrographs.

A two-part regression equation fits well the data. The equations are given by:
Q=10.¢ %" Q>0.1 m%s, r*=0.999 (Equation A.47a)

Q=0.1-0.1.g 7% Q < 0.1 m%s, r’=0.994 (Equation A.47b)
where thign iS the time required (in hours) for the discharge to fall from 10.0 m®/s to a
specific discharge above 0.1 m*/s and tiw is the time required for a discharge below 0.1
m?*/s to fall to a lower specific discharge.

To simplify the hydrograph, it is assumed that the maximum discharge in a day
occurs at the beginning of the day (0:00) whereas the minimum discharge happens at the
end of the day (24:00). Predicted flow discharges are closer to reality from April to July
2009 and from October to December 2009. Although the predicted flow discharges are
lower than the historical values in August and September 2009, encountered values were
relatively small (below 0.3 m®/s). The effect of snowmelt is badly predicted in February

and March 2009, possibly due to surface runoff over a frozen soil. The predicted values
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Figure A.5. Historical flow discharge, predicted flow discharge and precipitation depth in (a) 2008
and in (b-c) 2009 on the Richer watershed.
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are far from historical values, with the exception of the successfully predicted peak
discharge encountered in October. This situation may be explained by the availability of
precipitation data closer to the Richer watershed in 2009. This also suggests that local

precipitation events significantly influence stream hydrology.

The predicted flow discharge is only valid at the location of the gauging station that
recorded flow depth. In order to estimate flow discharge for upstream or downstream
channel sections, it is necessary to establish a relationship between the distance D; from
the head of the river to the section i and the area A; responsible for the flow observed at
section i. In the case of the Richer Stream, the equation is given by:

A =0.0016- D, +7.4831 =0.99 (Equation A.48)

where A; is in km? and D; is m. The discharge at section j is given by:

Q,=Q R (Equation A.49)

Hydraulic conditions

The formula of flow discharge Q is given by:
Q=V-A (Equation A.50)
where V is flow velocity and A is the cross-sectional area that the flow occupies. Flow

velocity [m/s] is calculated with the Manning equation:

R’ .5

n

V (Equation A.51)

where R is the hydraulic radius [m], So is the flow surface slope (estimated with bed slope)
[1] and n is Manning roughness coefficient [1]. The hydraulic radius is given by:

R=2
=)

(Equation A.52)
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where A is the cross-sectional area occupied by the flow and P is the wetted perimeter.
Using trigonometry, the cross-sectional area A and wetted perimeter P of a trapezoidal
channel are given by:

Y? Y?

2-tanBOy  2-tanbygy, (Equation A.53)

P=2-B4+Y- _1 +_1 + ! + L
Sin@, sSiNO,,,  COSO  COSO,

A=B,, Y

(Equation A.54)
where Byeq is the channel bed width, Y is the flow depth and st and Grigne are the bank
angles in degrees. The Manning roughness coefficient of the Richer channel (a relatively
straight channel with a clay bed whose banks are covered with grass species) is a function
of the channel depth:

n=Y, -Y*-e®) gin

N

(Equation A.55)

where a=Y/ Y, max IS the relative flow depth compared to the channel depth in a particular
section. For the Richer Stream, Y, max =0.19. If Y is lower than Y, max , @=1.1 and $=0.75.

Otherwise, 0=5.2 and =0.672.

The unit stream power Q [W/m?] is calculated using the following formula:

:Q‘S'g'pt
B

Q (Equation A.56)

surface

where Q is flow discharge [m*/s], S is the bed slope [1], g is the acceleration due to gravity
[m/s2], p is flow mass density at temperature t and Bgyrrace IS surface flow width [m]. Bed
shear stress 7o [N/m?] is given by:

7, =p-9-R-S, (Equation A.57)

where R is the hydraulic radius [m] and Sy is the flow surface slope.
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A.4.The sediment transport module

In this module, sediment transport was divided into two categories: overland and
instream transport. The instream sediment transport can be divided in deposition and
entrainment. The summation of those three processes gives the net change in channel

volume.

Channel cross-sectional area

The difference between deposition and entrainment rates modifies the channel cross-
sectional area, thus the amount of water that can flow in the channel. In the current model,
the channel was assumed to erode and aggrade uniformly while the banks keeping a stable
angle to simplify calculations. This assumption is inexact since erosion dominates in the
upper part of the banks and deposition dominates in the lower part. The new dimensions
were then calculated based upon the change in the channel cross-sectional area, and

assuming that the total channel width would remain stable over time.

Overland transport

Potential overland transport of sediment was estimated using the universal soil loss

equation (Wischmeier & Smith, 1965). The main equation is given by
SRO =R-K-L,-C-P (Equation A.58)

potential —

where SRO s the rate of sediment runoff [t/ha], R is the rainfall erosivity factor

potentia

[N/hr], K is the soil erodibility factor [(t/ha)/(N/hr)], L, is the slope length-gradient factor,

C is the crop / vegetation / management factor and P is the support practice factor. Due to
the lack of field data about runoff, the basic rainfall erosivity factor was used although

Hann et al. (1994) suggested that using it could lead to errors. A value of 90 was attributed
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to this factor (same as Ottawa, Ontario) due to the absence this information for Québec

cities (Stone, 2007). The slope length-gradient factor is given by:

L, =(0.045- X, )’ -(65.41-sin® 6, +4.565-sin 6, +0.065) (Equation A.59)
where X, is the horizontal projected length of runoff [m] and &, is the slope angle of the
drainage basin [rad]. Assuming P, to be the slope angle in degrees, the coefficient b is

equal to 0.2 if py < 1,03 if1< py <3,04if3 < py <5, and 0.5 if py =5. The

amount of sediment actually delivered to the stream by the overland flow is estimated
using:
SRO

SRO jotential - SPR (Equation A.60)

actual —

SDR = 0.4724A %% (Equation A.61)

where SDR is the sediment delivery ratio from Vanoni (1975) equation, and A is the

drainage area [mi?] (Lim et al., 2005).

Instream sediment entrainment rate

The entrainment rate can be calculated using

0., =0.008/sgd| 0.142-(14.[7, - D (Equation A.62)

ﬂ) _
o) Jr.o Jsad

where (, is the deposition rate [m3/s], s is the sediment specific gravity defined by

(pS - p)/ P, P, is the sediment mass density [km/m3], p is the water mass density
[km/m?3], g is the acceleration due to gravity [m/s?], d is the sediment mean diameter [m],
T, =,L12/(S' g -d) is a dimensionless bed shear stress, and o, is the fall velocity [m/s]

(Itakura & Kishi, 1980). Stoke’s law describes the fall velocity as:
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—5)-q-d2
o, = ('OS 1'2) g (Equation A.63)
-

where u =,/z,/p is the shear velocity [m/s] and 7, is the bed shear stress.

Instream sediment deposition rate

The deposition rate can be calculated using
Oy =, -C, (Equation A.64)
where 0, is the deposition rate [m%/s], @, is the sediment fall velocity [m/s] and C, is

volumetric concentration of sediment near channel bed (ltakura & Kishi, 1980). The

former can be calculated using Stoke’s law while the later can be defined as:

PE

Ca =C 'ﬁ (Equation A.65)
— e &

where C is the concentration of suspended sediment at 0.05 depth from channel bed and

P_ is the Peclet’s number defined as:

&

> (Equation A.66)

where o, is the sediment fall velocity, Y is the flow depth [m], and ¢ is the vortex

viscosity factor that is defined by:

(Equation A.67)

where k is the Von Karman constant (0.4), . is the shear velocity [m/s], and Y is the flow

depth [m].
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Instream bedload transport

Bedload transport is calculated using Shen and Hung (1972) since this formula can
be used for flume and small natural rivers with silt and clay beds, but was more
specifically designed for the Niobrara and Middle Loup Rivers. These two rivers drain a
sandy agricultural area of Nebraska (Shen & Wang, 1979). The Middle Loup River is a
tributary of the Loups River whereas the Niobraraer is a tributary of the Missouri River.
The bedload is then the difference between total load and suspended load. Shen and Hung

bedload formula is given by:

logC,,, =109,503.872- Sh*® —326,309.589- Sh* +
324,214.747 - Sh—107,404.459

(Equation A.68)

where

0.0075018¢
V . S 0.57159
Sh= {— (Equation A.69)

0.31988
(4

where V is flow velocity [ft/s], S is the energy slope and w is the fall velocity [ft/s] (Julien,

1995).
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A.5.Testable approaches
A.5.1. Re-meandering
The hydro-morphological model allows modifying the sinuosity of individual

channel sections. The new bed slope is given by:

S

init

SO,new = SO,init E new] (Equation A.70)

where So init and So new are the bed slopes before and after re-meandering, and Sinit and Spew
are the sinuosity values before and after re-meandering. To take account of the existence
of meanders prior to re-meandering, the concept of regional sinuosity was incorporated in
the analysis to attribute value of sinuosity to a straight section if it is included in a
meander belt or in a sinuous section. Therefore, the variable si,: can also refer to the
regional sinuosity. Changing the sinuosity affects the required amplitude of river
corridor. The new meanders are assumed to for a elliptical planform whose equation is

given by:

L~7- [5-(a+b)-/@a+b)a+3)] (Equation A.71)

where L. is the channel length (half the perimeter of an ellipse) and, a and b are the semi-
minor and —major axes. The amplitude of the river corridor can be determined with:
A=2-(b+c)+By, (Equation A.72)
where A is the width of the river corridor, b is the length of the semi-minor axis, c is the
width of the buffer between the high water line and the riparian lands, and By, is the

width of the river at bankfull stage (maximum width achieved in 1.5 year).

Changing the sinuosity also affects channel roughness (thus flow velocities), more

specifically the coefficient m in the following equation:

161



n=m- z n, (Equation A.73)

n; are coefficients for some channel characteristics affecting roughness
m is the meandering coefficient=1.0 (s=1) or 1.3 (s> 1.5)
Flow hydraulic properties can then be solved by taking account of the new bed slope and

roughness values.

Although channel dimensions, shape and cross-sectional area could be modified
with a new planform design, the model assumes that the value of each of these
parameters remains identical to that of the channel configuration without re-meandering.
It is assumed that the volume of water held in a specific section will be held in a more
voluminous section (after re-meandering). Therefore, flow depth, velocity and discharge

are reduced in a meandering section. The new discharge is given by:

V
Qrew = Qinit ( ”ewj (Equation A.74)
Vinit

where Qinit and Qnew are the flow discharges before and after re-meandering, and Vini: and
Vnew are the maximum volumes of water that can be held in a specific channel section

before and after re-meandering.

A.5.2. Backwater ponds

The hydro-morphological model allows the use of one or several backwater ponds
per channel section. Here, a pond is defined as a hydrological retention basin that is
attached to the river. The water flowing in the river is free to move in and out of each
pond. The maximum volume of water (Vmax) that can be held in all the ponds connected

to a specific channel section is given by:
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Viex =AY (Equation A.75)

where A is the pond area and Y is the depth of the channel in the current section.

The volume of water accumulating in ponds during the rising limb of a hydrograph
contributes to reducing the peak discharge of this event. The accumulated water will
evacuate as stream flow drops to the base level. The falling limb will therefore have a
gentler slope than without the ponds. Based on the analysis of the Richer hydrology, the
rising time (trising) is ON average 12 hours. A good estimation of the volume evacuated by
the stream during the rising limb (Vising) is given by:

Qpase + Q
= trising : w (Equation A.76)

\Y,

rising
where Qpase and Qpeak are the base and peak discharges, respectively. The volume of
water held in the ponds during the event must be subtracted from the area under the
hygrograph’s curve before the peak and added to the area under the curve after the peak.
The retained volume by a specific pond (Vretained) 1S given by:
Vetaineg =AY - A (Equation A.77)

where AY is the change in flow depth and A is the pond area. The new peak discharge can
be calculated by solving Equation A.76 for Qpeax and giving Viising @ value of Viising -

Vretained- The new flow depth must be calculated and Equation A.77 must be solved for AY

recursively to ensure that it matches pond depth.

Without considering retained water and assuming no further precipitation or
snowmelt, the discharge should fall at the end of the day to a value (Qeng) that can be
evaluated with Equation A.47. The volume of water evacuated by the stream over the day

(Vtaning) IS given by:
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24
Vfalling = '[Qtdt (Equation A.78)
t=0

where Qq is the flow discharge at any time interval t. The volume that should evacuate
from the basin (Vevacuated), COnsidering the hydraulic conditions at peak time and those at
the end of the day, is given by:

Y/

evacuated (Y Yend ) A (Equation A79)

peak
where Ypeak and Yeng are the maximum and final flow depths (of the falling limb) and A is
the pond area. However, the river is unable to evacuate both Viajiing and Vevacuated. INStead,
the more realistically volume of water evacuated from the pond (7 evacuated) 1S given by:

\Y,

i _ evacuated V
evacuated
V gtV

falling (Equation A.80)

evacuate falling

The new flow depth at the end of the day (Yeng) can be calculated from Equation A.79 by
setting Vevacuated="evacuated- Since flow depth must be equal in the stream (compared to

pond depth), flow discharge is predicted from Yeng.

The installation of one pond affects flow discharge in downstream channel sections.

Peak flow discharge Qipong in & section i affected by upstream ponds is given by:

Qi,nopond - Qi—l,nopond

Qi, pond =

’ Qi—l,pond (Equation A.81)
Qi—l,nopond

where Qi no pond @Nd Qi-1n0 pond are the peak discharges of the current and previous channel
sections supposing that there are no upstream ponds, and Qjpong and Qi.1,pond are the peak
discharges of the current and previous sections of the stream considering that there is at
least one pond located upstream of the current section. Unknown discharge values can be

calculated using Equations A.48 and A.49.
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A.5.3. Addition of riparian vegetation

Since a 3 m riparian buffer strip is sufficiently large to trap agrochemicals (Boutin
et al., 2003), the hydro-morphological model assumes that such a vegetation strip can
also prevent a significant proportion of the overland transported sediments on an
agricultural stream from leaching in an adjacent stream. The model also assumes that the
proportion of trapped sediments is a function of the buffer strip width and that this
proportion increases linearly with width from 0 to 100%. However, the overland transport
rate is also a function of other factors including gradient, shape of drained land, drainage
area and slope length seasonality which can have an impact on soil compaction, crusting
and vegetation cover (Mathier & Roy, 1993). Certain management strategies such as the
construction of levees and the adoption of alternative land maintenance practices (e.g.
semi-direct practice that consists in voluntarily stopping ploughing) may also be

considered.

A.5.4.Climate change scenarios

The hydro-morphological model allows applying a climate change to a historical or
randomly generated dataset of weather conditions. The predicted monthly changes in the
amount of precipitation [%] and in the average temperature [°C] are simply applied to the
daily value. Monthly precipitation and temperature deltas are available at no charge from
many online sites. The model allows the addition and selection of various climate change

scenarios.
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