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Abstract
Geomorphological Assessment of the Sedimentary Dynamics
of the Sunday River, Quebec

Eric Lovi

Many streams and rivers in agricultural asetave beenstraightenedin order to
enhance the drainage of cultivated laaaid facilitate crop managementThis practice

is now viewed as unsustainable as periodiestraightening isoften necessaryto
address the problems associated with bank erosieeompromising the ecolacgal
integrity of lotic and riparianecosystems. Thisesearchaims to assess the current
sediment dynamigsas well as directions of current and future channel morphology
change of a straightened upland graweked riverin order to provide guidelines for
sustainable management schemes. The case study is the Sunday River (Quebec),
located in the foothills of the Appalachian Mountains and regarded to contain prime
trout habitat. The lowest reach has proved the most problematic as actmaahnel bar
repeatedy establishes itselfresulting inconsiderable erosion of adjacent agricultural
land. In response, stakeholders have soughtagularly interveneby extracting gravel
and restraightening the channelThe sudy methodology combines a GIS analysis of
historical aerial photos field data collection anchydraulic and sediment transport
modeling. Bpographic channagjeometry, sediment grain size and discharge datere

acquired over the span of 2 field seasoAslditionally, repeateddrrestrial lidar scansf
1l



eroding banks weracquiredto aid in sediment budget evaluatioithe 1D modeHEC
RASwas employed to simulatecurrent hydraulic and sediment transport, and to
recreake predisturbance hydraulics by increasing crggstion spacing to mimic a

longer,more sinuous channel.
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1 INTRODUCTION

During the last century, many streams and rivers in agricultural areas were straightened
in order to enhance the drainage of cultivated land and reduce the recurrence interval
of overbank flooding events. The process typically involved the removal of streamside
vegetation, the removal of meanders and asfeaping of the channel itself (Brookes
1998; Rhoads & Herricks, 1996; Talbot & Lapointe 2002). Channel linearization has
resulted in fluvial systems being in a state of disequilibrium and is ultimately
unsustainable: modified rivers will gradually return to their former state, as processes
intrinsic to the fluvial system persevere, necessitating periodic dredging andfor re
straightening (Eaton & Lapointe 2001; Simon et al. 2007). The practice is detrimental to
lotic and riparian ecosystems and can have several negative effects in downstream
reaches, such as sedimentation, nutrient loading and flood wave magnification
(Ashmore et al. 2000; Florsheim et al. 2008). In the early to mifl &hntury,
straightening projects were funded by the Quebec Government in order to promote
rural agricultural deviepment. Government bodies continue to be responsible for
granting permits and funding, at least partially, maintenancesfraightening) projects.

This practice is unsustainable, both for financial and ecological reasons.

In this research project, the sa study of a straightened upland gratbeld river, the
Sunday Rivewill be examined. The river is situated in the foothills of the Appalachian
Mountains near the village of St. JacqwksLeeds, part of the MRC des Appalaches

(Quebec). The river is regoized to provide prime brook trout habitat, and upstream



reaches still preserve much of their ecological and photogical integrity. However,
downstream sections are affected by continued manipulationss{raightening and
gravel extraction) which compmise ecosystem functioning, in particular for trout
habitat. A pilot restoration project (MRNF, 2008) has been undertaken involving the
Ministry of Natural Resources and the municipality el&tquesie-Leeds. The project

is based on the need to addredise causes, as opposed to the effects, of sediment
dynamics problems leading to regular channel manipulations, through the development
of a sustainable management plan. Ultimately, the project aims to limit continued
human interventions in the fluvial sysh and will hopefully generate solutions that are

applicable to other comparable river systems.



2 LITERATURE REVIEW

2.1 River Equilibrium, Adjustment and Natural Processes

Rivers are major agents of change in the landscape. Fluvial processes ate aige
landscape evolution as well as integral components in the natural functioning of
ecosystems. For example, spring floods are known to mobilize or at leestbliéize

bed material, resulting in a more conducive environment for salmonid spawningtgcti

three months later in the late summerearly fall (Payne & Lapointe 1997).

Rivers are also inherently complex natural systems which are expected, in natural or
undisturbed states, to be in dynamic equilibrium (Knighton 1998). A river in dynamic

equf AONARdzYz Ffaz OFffSR F 3INFYRSR AUNBFYXZ GA:
delicately adjusted to provide, with available discharge and prevailing channel
characteristics, just the velocity required for transportation of all of the load segpl

FNRY | 020S¢ odal OlAY wmMopny> LI ntmMOd ¢KAA Y
load, they will erode their bed and banks locally in space and time, migrate laterally
across valley surfaces, butamtain average (equilibriunfprms unless a pertuidttion

occurs (Richards 1982). Here, the concept of dynamic equilibrium is that of landscape

scale processes operating more or less continuously in a perceived equilibrium state
resulting from several complex processes being in relative balance over timghidh

1998; Trenhaile 2007). In other words, rivers continually adjusinselveso maintain

equilibrium with ther environment (Richards 1982).



It is important to recognize that rivers carry both a liquid and a solid discharge. This
acknowledgement isntegral to the process of geomorphic analysis of any river. The
liquid discharge is the rate of flow of water at a specific point. In most cases, discharge
will remain relatively constant over the long term (decades or even centuries), with
large variatims occurring over shorter time periods, such as annually or seasonally. In
most areas of Canada, spring floods, caused by concentrated periods of snow melt,
constitute annual recugnces of larger magnitude discharg@saton & Lapointe 2001;

Reid et al. 207a).

In rivers, the solid discharge, or sediment load, can be transported either in solution, as
suspended load, or through entrainment as bed load (Richards 1982). The proportion of
suspended load to bed load will vary depending on the physical chaistate of the
sediment in question along with the energy present in the flow. While very large
amounts of sediment can be moved in solution or suspension, it has been determined
that medium scale flood events, occurring only several times annually eaponsible

for most sediment transport (Wolman & Miller 1960). More extreme flooding events
associated with bankfull water levels, with recurrence intervals of aroune? ly8ars,
define channel capacity and are thus responsible for creating the charmel(¥¢'olman

& Miller 1960; Leopold et al. 1964; Richards 1982). A river will adjust its channel through
the processes of erosion and deposition to accommodate all flow stages up to the
bankfull level. During events over bankfull level, wat@verflows onto the river

floodplain.



There is an important link between liquid and solid discharges. The relationship can be
guantifiably established through ble shear stress or stream powel. NA JS NDa
competence is given by bel K S | NJ Avihistisdh& forée pér unit area responsible

for the frictional pressure exerted on the bed by the flbased on the free body

analysis of steady uniform floand is defined as:

r ¢ 3 w { (eq. 2.1)
GKSNB ~ A& Yl Bdis ®R&Wratianidée to dradity fYsR is hydraulic
radius (m) and &Sis the bed slope (m/m) (an approximation of the total energy line).

Unit stream power (W/rf) (stream power divided by channel widtis)a measure of the

sediment transport capagitof a river at a specific discharge, asdiefined as:
r -~ a3 v {2 «kx ¢ (eq. 2.2)

where Q is discharge @fs) and w is width (m)The amount of sediment that is
transported as bedload by a river depends on several factors, the most important ones
being discharge, gradient, channel roughness and channgbtmetogy (Knighton 1998).
These variables are inteelated, as illustrated by classic equations relating velocity,

gradient, depth (or hydraulic dius) and roughness, suchad Yy Ay 3Qa Sljdzt G A2y
V = i B2 g2 (eq. 2.3)

wheret A& | @SNl 38 @St 20A08 6YKAO (DustRWghl A & al

2012) Despite some known she@2 YAy 3a Ay (KS dzaS 2F al yya



when there are abrupt changes in the turbulence of the flow (e.g. Eaton & Lapointe

2001; McGhaey & Samuels 2004), this is a widely used equation.

2 KAES | OKFIyyStQa 3ISYSNIf Y2NLXK2f23&8 RSLIS
adjust itself to accommodate both the liquid and solid discharge (Knighton 1998). This
can be viewed as a balance bewsvedischarge and sediment suppBigure2.1), as was

first quantified by Lane (1955). Aggradation, i.e. sediment deposition, occurs when there
is insufficient energy present in the flow to further transport the sediment load,
whether suspended or entrairmk Degradation is lorterm erosion, and it occurs when

the flow energy exceeds sediment supply. L-oegn aggradation and degradation are
often associated with baskevel changese(g. Schumm 1993; Heine & Lant 2009). For
example, sea level rise, creatirgiallower slopes in downstream reaches of rivers,
results in aggradation, whereas degradation in a tributary can occur when the main
channel incises its bed, for example following channelizatog. §imon 1989; Simon &
Rinaldi 2006). Indeed, it is evile in Figure 2.1 that river straightening (or
channelization), which results in increasing slope, and thus stream power, will tip the
balance so that the arrow moves towards the left, resulting in degradation. In these
cases, the capacity for sediment tigport will exceed the sediment supply, resulting in
channel incision and increased transport of sediment to the downstream reaehgs (
Eaton & Lapointe 2001; Simon & Rinaldi 2006). This sediment will continue its path

downstream until there is insufficid energy present in the flow to carry it furthefhe



series of adjustments that follow river straightening are well documented, both from

geomorphologicald.g.Simon 1989) and ecological (Hupp 1992) perspectives.

flat f— stecp

channel slope

A

discharge

COArse - fine

sediment size

degradation

aggradation

Sediment Supply Stream Power

W4

Figure2.1 Balance model for aggradat 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, based on @quaéon by Lane (1955). From Blum and
Tornqvist (2000Q)

Erosion and deposition are the results of entirely natural processes that allow a river to
adjust its slope relative to physical conditions and sediment load (Simon et al. 2007). A
river will alwaystry to achieve the minimum slope needed to convey a specific mean
discharge and sedhient load in the most efficienivay igure 2.1). According to

{ OKdzYY omMdpTTOX NBIFR2dzA(YSY {in &der td rectilyluniS I Y Qa
stream power imbalares) will result from changes to the sediment load or discharge.

For example, an increase in discharge coupled with an increase in sediment load will

7



lead to a widening of the channel and an increase in sinuosity. A decrease of both liquid
and solid dischare will result in the narrowing and vertical incision of the channel
coupled with a higher rate of meandering (to decrease slope). The key variables that are
affected by these changes are width, depth, slope and sinuosity, with the direction of
change somemes being predictable, sometimes variable as there are several-inter
dependencies between variables (Schumm 1977). Morphological changes resulting from

these adjustments are summarized in Table 2.1.

Changes to Changes to

sediment discharge water discharge Morphological change

Increaske Stable Aggradation, channel instability, wider and shallower channel

Decrease Stable Incision, channel instability, narrower and deeper channel

Stable Increase Incision, channel instability, wider and deeper channel

Stable Decrease Aggradation, channel instability, narrower and shallower
channel

Increase Decrease Aggradation

Increase Increase Processes increase in intensity

Decrease Decrease Processes decrease in intensity

Decrease Increase Incision, channel instability, deeper, wider? channel

Table 2.1Morphological responses to changesdischarge and sediment supplifrom
Raven et al. (2010), based on Schumm (1977).

The mutual adjustments and variations between variables such as slope, sediment
supply, discharge, grain size and bank stability lead to varyiagnel patternswhich

are adusted tothe characteristics dheir physical environmerénd (local) climateThis

NEBadzZ 6§a Ay ARSYUAFAIFIOES WSIljdzAt AONAdZYQ OKI Yy

Figure2.2.



Dacraazing channal srabiliey
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Ingreasing chanmel gradient
Decreasing channel stability
Increasing sediment calibra

Figure2.2 Channel patterns and their relations to slope, sestinsize, sediment load
and resulting stability. From Trenhaile (2007), based on Church (1992).

2.2 Sources of Sediment and Sediment Transport

2.2.1 Sources of Sediment

I NAODGSNRE &aSRAYSYy(d f2FR dzZ GAYFGStE@ 2NAIAYL
Schumm(1977) has divided watersheds into three zones: the zone of sediment supply,

corresponding to the upstream area, where sediments are usually coarse and banks are

9



highly erodible, the zone of sediment transfer, in the middle sections, and the zone of
sediment storage downstreamHigure2.3). The Sunday River is located primarily in an
upland region (Appalachian foothills) and is therefore thought to be in the zone of
sediment deliveryor supply with downstream reaches situated in the zone of sediment
transfer. In this section, both coarse sediment (bed load) and fine sedimahtoe

discussed in turn.

T
By STREAN 5,
i i

-

o T

1

I0ME OF 1
SEDIMENT SEQIMENT ]
BUIFFLY I
1

TRAMNGFER

COARSE FINE
Subsins size

Figure2.3 A simple classification of the watershed in terms of sediment dynamics. From
Brookes and Sear (1996), based on Schumm (1977)

The majority of coae sediment generally originates from headwater areas. Coarse
sediment transfer within river channel networks a fourstage process which involves
(a) coarsematerial delivery from hillslopes or river banks to a stream; (b) entrainment
from the river bedat shear stress values exceediagcriticalthreshold (c) transfer
downstream; and (d) deposition in a temporary storeiroapermanent sink (Reid et al.
20070 ¢ KS GSNY WISYLERNINE aid2NBEQ NBFTSNE

10
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channel bed, albr portions of which form the active layer. The active layer of a channel
Is the portion of the stream bed that is mobilized during high discharge events (floods)
when critical shear stress is reached and entrainment ensues. Most coarse sediment
moved as bdload will originate from the active layer (Haschenburger & Church 1998;

Reid et al. 2007a).

In upland rivers and streams, valley hillslopes contribute a significantly higher amount of
coarse sediment supply when compared to lowland fluvial systems.nRetval. (2010)
review the findings of three studies examining the relative contributions of hillslopes in
upland fluvial systems. On average, they found that 22% of sediment originated from
hillslopes while 78% originated from the river channel (Raveal.e2010). Despite the

fact that, in upland areas, channel reworking and bank erosion are the principal sources
of sediment, that sediment must be replaced as it is conveyed downstream. This
highlights the connectivity between valley slopes and the riwstesn in terms of
sediment supply. In upland areas the connectivity is high, whereas in flatter, lowland
fluvial systems, the coupling is low (Reid et al. 2007a; Florsheim et al. 2008). However, it
remains that the majority of coarse sediment originatesnir the channel bed and
banks.Lawler(2005)highlightsthe importance ofsubaerialpreparation processes that
GNBI Reé¢ adzaOSLIiAGES ol y1 é fradesethay NElasiSacl = & dzO
banks are often subject to mass movements or mass failure Mdaehanisms of fluvial

bank erosion, mass failure and subaerial processes often estabjisiitive feedback

11



relationship however he relative contribution of each mechanisgenerally varies

along the river corridor.

The fact that banks are eroded isegtal to the general functioning of fluvial systems

YR GKSANI RSLISYRSyiG SoOzaeaidisSvyay a.lyl SNR3
a2dz2NOS 2F 602 NASOU &ASRAYSYyGXxX | aiail S TN O
a0 NHzZOGdzNBE 2 F | |j dizh &t 41.Q008, Ip. &20)inistabkeréver eatlied W K

high sediment mobilityare often thought of as unsuitable for juvenile salmonids, but

Payne and Lapoint€1997) found that these reachesprovide rearing habitat for

juveniles. This illustrates the nedd properly conserve or rehabilitate all aspects and

reaches of the fluvial system.

CAYS aSRAYSyld OFy 2NARAIAYIGS FTNRBRY OKIyySt

QX

soil erosion, often in the form of storm runoff from various catchment areas during
precipitation events. More specifically,-ghannel fine sediment originates from banks
subject to high shear stresses (meander bends),-chahnel and point bars and bed
material (empty spaces between larger particles) (Wood & Armitage 1997; Nelson &
Boah 2002). Sediment sorting from headwaters through to lowland areas usually
results in an overall reduction of average particle size from upstream reaches to those
downstream Figure2.3). Because of this downstream trend, the erosion of banks in
upland aeas contributes a higher proportion of coarse sediment when compared to

river banks in lowland areas (Florsheim et al. 2008).

12



Several studies have found that increases in fine sediment load (up to 2mm patrticle size)
in gravelbed rivers result in decreadesalmonid embryo survival (Payne & Lapointe
1997; Evans et al. 2006). Furthermore, fine sedinm@tiedin suspension increases
turbidity, decreases light penetration, reduces primary productivity, impedes
groundwatersurface water exchange and affectee feeding and respiration of
invertebrates and fish. The end result is a general decrease in the ecological resilience of
the lotic ecosystem coupled with lower diversity and abundance of lotic species. Fine
sediments also contribute to heavy metal andtnent loading of streams, sometimes
resulting in the eutrophication of waterways (Payne & Lapointe 1997; Wood & Armitage
1997; Nelson & Booth 2002; Florsheim et al. 2008). The most widespread impacts of fine
sedimentation result from the erosion of aguitural land (Wood & Armitage 1997). Soil
erosion is exacerbated by several human activities that include the practices of
agricultural drainage, soil tilling, channel modifications and access of livestock to
streams and rivers. The lotgrm effects of mehanical equipment operation may also

contribute to increased soil erosion (Evans et al. 2006).

2.2.2 Sediment Transport

Sediment transport has been found to beghly variable both spatially and temporally
(Lawler 2005 Reid et al. 2007a; Lane et al. 2D0Bypicaly, rivers are conceived of as
Gierky conveyor bet for alluvium moving B NY A G G Sy G f & & S1981) pNR & ¢
90). While fine sediments are most often transported in solution or suspension, bed
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load particles will be mobilized under high flmenditions. Under high flow conditions,
bed load particles are usually moved downstream either to the next bar or erosion site
but, under very high flow conditions, particles can be entrained as far downstream as
adequate shear stress conditions exist the particle size in question (Reid et al.

2007a).

As previously discussed, the active layer is the portion of the channel bed and banks that
are mobilized during high discharge events. Depending on channel morphology,
sediment size, bank stability antbiv conditions, the depth of the active layer may be

highly variable (Sear 1996 & particle displacement study, Haschenburger and Church
OmMphy 0 F2dzyR GKFG YSEY YIFEAYdzy I OGA@GS RSLI
5hpné> | yR | Ol sighBicandyléss tKan ieited villth. Shis supports the
theory that it is mainly superficial bed sediment that is entrained dstream and

replaced thereafter;i KI 0 G KS Y2@0SYSyid 2F o0SRf2FR Aa
alternating scour and deposition danating the transport pocess (Ashmore et al.

2000). While the active layer is the predominant source of mobilized sediment, sources
can range from recent hillslope failures to significantly older deposits such as former

river terraces.

While the entrainmat of bed material is dependent upon the energy present in the

flow (bed shear stress), it is not the only consideration in analysing the mobility of
coarse sediments. The mobilization of particles on the channel bed is also dependent on
0KS WAYDQSNBRIVSAetNENI2Z T G0KS 0SR YIFIGSNRFE I §K)J
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well as sorting and packing (Buffington & Montgomery 1997). Bed surfaces typically
dzy RSNH2 I Yyl ddz2NFf WwO2I NESYyAy3dQ ONBI (SR
shear stress othe largest particles, resulting in the entrainment of smaller sized
particles while larger ones remain in place (Klingerman & Emmett 1982; Gomez 1983;
Verica et al. 2006). This leads to armouring of the bed material as smaller particles
come to rest onhe lee side of larger ones. The degree of armouring has an influence on
the bed grain size distribution, channel morphology, channel stability and bed load
transport rates as both the size and volume of transported material is reduced (Verica
et al. 2006) Gomez (1983) reported that armoured surfaces are typically stable during
low magnitude floods while their disturbance is common of higher magnitude floods.
Il O0O2NRAY3I G2 . dZFFAYIG2Yy YR az2yidaz2YSNE

gravetbeddedNRA GSNAE | NB | N¥2dzZNBR¢ @

2.2.3 Estimating Sediment Transport

Measuring bedload transport is known to be a difficult taskaditional, portable
sediment traps may produce unreliable resulkaéchenburger & Church 199&terling

and Church (2002) found thattgraps are more accurate than Hell§mith samplers at
collecting material larger than 2.8 mnit has also been suggested that standard
approaches to describing and predicting bedload transfer using traditional engineering
methods (empirical formulasused in 1-D steadystate model3 do not adequately
consider the role played by channelorphology as a result of precise quantitative

15
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measurement of actual transported sediment volumes, there is evidence that transport

rates vary accordingotthe morphology 6the channelHaschenburger & Church 1998;

Eaton & Lapointe 2001; Lawler 20086)2 LINP LISNXI & | OO02dzy i F2NJ RA T
GENRFGA2Y Ay (NI yaLR2 NdveraNdtudiGhave RuSigatédhe Y 2 NLIK
WAYBSNEBANLIK2f 2 3 A0Q@ i a@&ihgdbedadNiansport

(Ashmore and Church 1998; Haschenburger & Church 198B) method requires high

resolution topographic data from directly before and after a high discharge event to
determine net transport rates based on chasge sediment storage within the channel

(Eaton & Lapointe 2001; Wheaton et al. 2010). The emphasis here is on measuring the
volumesof sediment fluxes. Ashmore & Church (1998) and Haschenburger & Church
(1998) argue that thesemethods arebetter for undestandingthe role that channel
morphology plays on the heterogeneity of bed load transport rafElse processan

also involveusing the continuity equation alongside morphological evidence of channel
changes, which can capitalize on the presence of hebinformation in estimating

erosion and transfer rates.

The morphological technique has yet to be subject to extensive validation and testing,
2yS 2F (GKS NBlFaz2zya o0SAy3a GKIFIG F2N #ASER 0
zonesof scour and dpositionis neededHaschenburger & Church 1998). Areas subject

to both scour and fill during an event (resulting in no net channel bed change) produce

no data for analysis. Furthermore, the morphologic techniqgue examines only sediment

entrained as bed lah (Ashmore et al200Q Eaton and Lapointe 20R1However,in
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many caseshe bed material fractin of the sediment load is significantlgss than the
hydraulic capacity would sugge@shmore & Church 1998These findingsorroborate
those discussed eael; high proportion of transported sediment is thought to originate

from the banks as opposed to the upstream river bed

There seems to be a general consensus thatdevelopment of theories that accurately
describe and predict erosion and depositiorhisdered due to a lack of higiesolution
monitoring methodologies (Lawle2005; Reid et al. 2007a Furthermore, a Lawler
(2005) points out, the study of the erosional and depositional processes operating in
fluvial systems is challenging because of éipesodic nature of relevant eventeupled
gAOK GKS T OG 1 keleits nvay fake o@2drihthé Seasu@ment
interval. Conseqgently, high temporal frequency observations produce more accurate
observations and dataompared to less frequentbservations.This supports the use of
highly sophisticated and expensive sediment volume measurement tools such as time
sequences of very high resolution photogrammebased DEMs or teestrial laser
scanning (TLS)Yhe hope is thathe use ofsuch technéogies will shed light on the very

dynamics of erosion and deposition.

TLStechnology, or ground.IDAR L{ght Detection and Ranging),can bevery useful in
determining morphological change by precisely measuri@umes of bed material
(Hodge et al. 2009%Wheaton et al. 2010) The technology may quickly become the
standard in 3D measurement techniques for surveying and engineering applications

because of its ability to acquire mass point cloud data in a relatively short time frame.
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Traditional land surveynethods are unable to compete in terms of spatial resolution
and time required for data acquisition (Miller et al. 2008)While ncreasingly
sophisticated surveying methods such as EDM theodolites, GPS and photogrammetry do
generate high resolution DEMand greatly aid in the study of morphological change,
they are still limited by the tradeff between spatial resolution and detail captured
(Heritage & Hetherington 2007). Oblique fidddsed LIDAR technology has the power to
produce quick, high resolutiopoint cloud data that is more accurate while having the

potential for greater aerial coverage (Heritage & Hetherington 2007).

2.3 Human Disturbances in Fluvial Systems

As indicated above, the predominant view in fluvial geomorphology is that riverstadjus
towards an equilibrium state. However, another approach is to perceive rivers as
continually responding, in a dynamic way, to a range of catchment factors at a range of
spatial and temporal scales (Raven et al. 2010). This view takes into accounttthe fac
that human disturbances in fluvial systems have been numerous and that their effects
are farreaching. Controls such as climate (Arnell & Reynard 1996) and land use (Kondolf
et al. 2002) are known to affect the discharge and sediment supply in rivevge\udo,
perturbations due to river engineering add complexities to a system that already has
several linkages between variables, and result in an almost continual potential for
channel instability (Raven et al. 2010). This is illustratdedgare2.4, whid shows how

human perturbations can directly or indirectly affébe three main control®n channel
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morphology namely discharge, sedimentransfer and the resisting forces of the
channelboundary For example,esveral studies examining the impacts ofdtis have
documented how the severity of the impact on ctmel morphologywas highest
downstream of reaches where bamkotection was in place Rayne & Lapointe 1997;

Ashmore et al 2000; Eaton & Lapointe 2001)
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Figure 2.4.inkages between factors in#acing channel morphologghowing the
impact of human interference (from Raven et al. 2010).

Human disturbances include the straightening of channels, extraction of gravel, the

building of dams, the design and installation of@d f f SR & K| NRuturé&y 3 Ay S SN
0SYSNHe& RA&aaAALI GSNE YR 3INIRS O2y GNPt aidNYz
SYIAYSSNAYy3I adNHzOGdzNBa 6@S3aAShiFdAz2y oyl I N
practices represent similar approaches to resolving issues such as baidknefeor

SEFYLX ST aKINRé Sy3aAySSNiayBouldleyscbble®Gith G KS LI
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engineering (bioengineering) utilizes plants arranged in specific patterstabilize

olyla o!'RIYa SiG Ffd® wnnyod ¢KS € FaG0GSNI I LILIN
FNASYRf &8¢ o6dzi R2Sa yz2ia a2t @S (G4KS LINRofSY 2
Is installed. Furthermore, it does not allow for theadjustment d the sediment

budget to natural levels leading to a propagation of the problem downstream (Brookes

1988; 1997; Simon et al. 2007). However, Lachat (1998) argues that the goal of

bioengineering is to offer an alternative method to civil engineering apgreaevhere

human interests necessitate bank stabilizations.

During most of the last century, a popular practice in agricultural watersheds in-South
Western Quebec (as with many agricultural areas in Europe and North America) was to
straighten rivers and stams in order to have a greater degree of control on the
hydrological regimeas well as to simplify the shape of agricultural figl@sookes 1998;

Rhoads & Herricks, 199%albot & Lapointe 2002). However, if a meandering or sinuous

river is artificiallyd G N} A 3KGSYy SR> GKS ayl ddzaNFt oFflyOoS
some degree or another (Simon & Rinaldi 2006). As discussadously | NA @S ND
channel pattern is the result of careful adjustments to its slope in order to convey both

liquid and soli discharges. Therefore, modifications to a stable channel pattern are
essentially relatively rapid slope adjustments. If a channel pattern is modified but the
sediment supply and discharge is not, the river will undoubtedly strive-gstablishits

former equilibrium profile agt I OKIF yy St Ydzad O2yGAydzS G2 OF
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a given water discharge and thisquires a given gradient that must be restored by
ol 3ANI RIFGAZ2Y 2NJ RSINI RI Bacauged éf thasa indiladley ™M dn
adjugments, frequent maintenance is needed followichannel modificationsvhere

water and sediment supply remain constg®imon et al. 2007)

Several studieshave found evidence that channel instability and changes in channel
pattern result from channel retications (Petit et al. 1996; Eaton & Lapointe, 2001;
Surian & Rinaldi 2003; Simon et al. 2007; Raven et al. 20aot and Lapointe (2002)
examined the effects of meander straightening on the Sainte Marguerite River in the
Saguenay and found a -profiling of the channel, resulting in a one meter incision
upstream coupled with a two meter bed aggradation in downstream sections of the
rectified rivers. Three meanders were found to be reactivated as.w&lannel
straightening often leads to channel is@n due to elevated stream power producing
higher shear stressesthan normal (resulting in increasedrates of degradation
sometimes the product of exceedintpe cohesion of the substraje The effects of
incision can be numerous: increased sediment loaduced water quality, lowering of

the surrounding water table, damage to structures (e.g. bridges) and disturbance of
coastal processe¢Simon & Rinaldi, 2006; Heine & Lant 2009; Surian et al. 2009).
Furthermore, m response to increases in channel slagp®d resultant stream power,
pavement coarsening buffers the fluvial system from extreme degradation in upstream

reaches of linearized streams (Talbot and Lapointe 2002). It therefore is not
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unreasonable to assume that in the upstream reaches of a rettfteeam one would

expect to find bed sediment that is coarser thia would bein an undisturbed state.

Similar efécts result from sediment mining, dam constructiameir construction and

bank armourig. All these disturbances will alter the sedimentdget by restricting the

volume of sediment availabléor solid dischargeBecause channel morphology is a

product of discharge and the transport and deposition of sediment, the removal or
NERdzOGAZ2Y 2F | NAGSNRA 0SSR f 2deResultingtif RA a N
adjustment to channkgeometry (Leopold et al. 1964; Schumm 1Rinaldi et al. 2009

Raven et al. 2000

Some perturbations such as dam construction and grade control structures also have
the undesirable effect of longitudinal fragmenitan, resulting in upstream river reaches
being unattainable to transient fish (Simon & Darby 2002; Litvan et al. 2008). Fish

habitat is also greatly affected by gravel extraction (Power 2001; Raven et al. 2010).

Structural modifications to channels havedn developed and implementedith the

aim of improvinghabitat for salmonidsSome examples include deflector structures and
weirs meant to artificially create pooldlowever,few follow-up studies have been
conductedon their effectiveness at generatifgabitat as well as their sustainabiliti
survey of351 of these suctures by Pattenden et al. (1998) found that more than a
third were neither physically stable nor providers of the habitat they were designed to
create. Furthermorethe study found that81% of these structures were damaged or

destroyed as a result of a major flod#attenden et al. 1998)These findings are
22



corroborated byseveral other studiesvho argue that the solution lies irestoring the
natural conditions and processes of riveather than in artificial irchannel structures
(Miles 1998; Rigay et al.2005a; Raven et al. 2010yhese findingslso highlight the
need for more monitoring and study of these structures and suggest that the use of
these structures might not be a sugtable solution to the problem of inadequate or

scarce salmonid habitat.

2.4 Watershed Restoration and Management

It is clear that, whenever possible, simply removing structures that alter the liquid and

solid flow regime (e.g. dams, weirs, bank fortificas), avoiding physical alterations to

0KS OKIyySt FyR Fftft2gAy3 G§KS N QD Shtablise WNIzy
an equilibrium profile) will, with adequate time, remedy the symptoms of a modified
channel. However, the reality is théte very motivation for most alterations to fluvial

systems is driven by human settlement within the watershed, often in valleys and low

lying areas. Therefore, the problems and pressures that prompted manipulations and
alterations to flow and sediment réges still exist and must continue to be addressed

(Brookes & Shields 1996; Shields et al. 2003).

Stream restoration or rehabilitation refers to the attempt at returning a stream and its
lotic ecosystem to its historic (prgegradation) state (National Rearch Council 1992).
The implication is that we know, or can find out, what that natural -m&dified state

was. While exact information on the paegradation state of a stream or river network
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established by combining existing historical data on the former state of the stream and
comparing the stream to others that exist in similar physical and climatic environments

(Shields et al. 2003; SER 2004).

Large scale, intediscigdinary projects are typically those that offer the greatest
potential for effective rehabilitation, although these are not always economically
feasible. Project objectives should be set at the outset with input from all stakeholders.
Hydraulic designers arthen tasked with meeting these objectives. Sedimentation
issues are, understandably, typically among the major issues to be dealt with, as
sediment budgets are often neglected in civil engineering approaches to water
management (the predominant historickorm of employed management techniques)
(Gilvear 1999; Shields et al. 2003; Simon et al. 2007; Raven et al. 2010). Most historical
civil engineering projects were typically carried out on vulnerable, localised sites. It has
become clear that the majoritgf these forms of interventions are unsustainable as they
require constant maintenance (Brookes 1997; Shields et al. 2003; Florsheim et al. 2008).
There is a growing consensus that geomorphological principles must be governing
rehabilitation programs aime at analyzing and addressing concerns at the watershed
scale (Sear 1996; Piégay et al. 2005a; Spink et al. 2009). Restoring the dynamic
equilibrium of a river or stream is often the best way to rehabilitate it but is not always

feasible as it might represt a threat to infrastructure or human and natural resources
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in the floodplain. Consequently, benefits of rehabilitation must be weighed against risks

to human interests, such as flooding and erosion (Shields et al. 2003; SER 2004).

Brookes and Sear (19P6utline a list of guiding principles for river restoration. At the
onset of any restoration project, project planning and the setting up of realistic goals are
crucial steps. In many agricultural watersheds -gigturbance conditions may be
unknowable, ad it may in any case not be possible to restore ecosystems to their pre
degradation state (Wheaton et al. 2006). Catchmscdle considerations of water
guality and the sediment delivery system must be properly evaluated, as the coupling
between these andhe river system is strong (Brookes & Sear 1996). Furthermore, the
relationship between a river and its floodplain must be determined, as these
interconnections are crucial in the fluvial system. Once restoration objectives are
formulated, the evaluatiorof alternative methods for restoration can be undertaken,
GAGK Wyl GdzNF £ NB O2 @ S-bekalilish dtd ibtfingios profedsesl andNRA @S N
features given enough time and space) representing one option for consideration.
Proper project design and impteentation are integral to success, along with post

project monitoring as adjustments and reiterations are often needed.

One possible method for stream restoration is the river corridor approadyéyiet al.
2005a). This approach strives to-@stablishthe intrinsic functioning of the fluvial
system. The river should be granted enough space to erode its banks and undergo

meander evolution, to establish an ecologically functional riparian buffer zone and be
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allowed to overflow onto its floodplain (Brookdés Sear 1996; Brookes & Shields 1996;

Brookes et al. 1996; Shields et al. 2003).

LG A& AYLRNIIFYydG G2 Sy3al 3sS (RyLIAG®I X a JzaBGNEE dzt 207
and/or watershed (McGaheg Samuel2004 Piégay et al. 2003bFirstly, they hae a

vested interest in cooperating and generating sustainable results; the research area is

their home and could very well represent a portion of, or even their entire, livelihood.
Secondly, because they spend a lot of time in the area, they probablysioave form of

knowledge (often historical) that may be beneficial to thejpct in some way or

another. An informed and involved local population can prove to be the best custodians

of the watershed (McGahey & Samuels 2004).

2.5 Numerical Modeling

Predictingchanges in channel morphology over large temporal and spatial scales is quite
challenging.ldeally, lessons learned from investigations of the generally ssdle
processes and mechanisms responsible for turbulence, sediment entrainment,
deposition andarmauring (to name a fewkshould be integrated with operchannel
hydraulicengineeringprinciples in order to arrive at applicable results at appropriate
scales(Reid et al. 2007b)Numerical models are powerful tools for doing so and
represent an intereshg and evolving component in the discipline of fluvial
geomorphology. Several ordimensional models developed in recent yeamnstitute

the majority of numerical models used in river engineering and morphological analyses,
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partly because the basic cormis have been in use for several decades (Pappenburger
et al. 2005). These include models suat Mike 11, ISISSEDROU&Nd HEERAS

(Pappenburger et al. 2005; Reid et al. 2007b; Aggett and Wilson.2009)

Onedimensional models require as input cresscional topographic data for channel
3S2YSGNE YR SaidAYliSa 2F adaNFIFOS NRddAKySa
name implies, they generate average values for this data so that each-sgosn is
considered one point along a longitudinal secti@everal linked crossections making

up a channel reach). The output is also in this form; the program will generate a singular
output value (e.g. shear stress) per creestion. HERAS, the model to be used in the
case study of the Sunday River, catually be thought of as three discrete 1D models
running in parallel: ovebank sections on each side of the channel (i.e. the floodplain)
are assigned their own estimates of surface roughness, yielding three discrete values for
each crossection (so log as the discharge is high enough as to produce a flow depth
greater than zero on the surfaces beyond the banks) (Brunner 2010). The output of 1D
models is more simplistic than those from 2D or 3D models, but the integration requires

much simpler parametézation of channel characteristics.

Twao-dimensional models allow for the lateral variability to be taken into account, with
overbank flow interacting with channel flow (Pappenburger et al. 2005). Fhree
dimensional models go one step further by allowihg wertical variability to be solved,
yielding outputs in all three axes; longitudinal, transverse and vertical. This also requires

more extensive input parameterization.
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The applicability of models of different dimensionality and generality (model ckiyabi

of handling different grain sizes, changes in width, graded beds) is usually dependent
upon several considerations (Lane and Ferguson, 2005; Verhaar et al. 2008). Firstly,
financial limitations will determine the feasibility of using different modéie: code for

the widely used 1D model HERAS is public domain while most advanced 3D models
are not. Second, because 3D models require extensive input parameterization and
perform lengthy, demanding computations, they are consequently only suitable for
modeling short reaches and time periods. Similar to 3D models (although to a lesser
extent), 2D models require lengthier integration times and higher volumes of input data
than 1D modelsputting them out of reach for manypractical applications. Recent
research has found that complex 2D models based on high resolution DEMs may not
exhibit better predictive abilities than 1D models when results are compared to field
measurements (Pappenburger et al. 208%jgett & Wilson 2009). However, because 1D
models pr& A RS o6dz { Ff26 OKIFI NI OUGSNRAGAOAZI alKSe
Ft206 FASERE 0/ KI 46855 Toraddiess $his probierd, attempisyhave LJ
been made at coupling 1D and 2D models, where flow in the channel is modelled in one
dimension while 2D equations are used for flow occurring on the floodplain (Chatterjee

et al. 2008).
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3 OBJECTIVES AND RESEARCH QUESTIONS

The overall objective of this study isto improve our understanding of hydro
geomorphological processes and sediment dyies in an upland graweled river that

has undergone human disturbances (channel straightening) in order to provide
guidelines for sustainable management schemes that would limit interventions such as
gravel extraction which are currently taking placeeTase study is the Sunday River,

near Thetford Mines (Qc), located in the upland part of téedhcour watershed.

The specific research questions are:

1) What are thecurrent sediment dynamics, channel morphology dodgitudinal
profile of the Sunday Riveand do they appeato be in relative equilibrium

based on stream power

2) Can some management solutions be suggested to remedy the erosion and
deposition problems present in the Sunday River and possibly avoid the need for

continued channel manipulations?

3) Can sediment transport beredictedfor the downstream reaches of the Sunday
Riverusing numerical modelliryls it possible to predict zones of erosion and

deposition?

Although this project focuses on a case study, results drawn from this analysis are
applicable to several other upland rivers in Quebec and elsewhere whediment

managementis problematic These rivers are typically of ecological importance as they

29



provide very good quality fish habitat for salmonids. It is thus essential to provide
managment guidelines that will ensure that gravel is not removed and that fine

AaSRAYSyila R2yQi Of23 dzLJ aLld gyAy3d | NBIFao
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4 METHODOLOGY

4.1 Study Area

The Sunday River watershétb® 22" 17N, 71° 22' 8" W is located in the upland region

of the Bécancou watershed in the province of Quebec (Figure 4.1). The area is
characterized by the presence of thaothills of the AppalachiarMountains,a thin strip

of weathered mountainscomposed of sedimentary rock&long Quebec's southeast
border. The Sunday Rivas a tributary of the Osgood River. It is a grewed river
approximately 12 km long with a catchment area of 45 kBankfull width ranges from

5-10 m, with average bankfull depth ranging from 0.5m to almost 2m in downstream
portions. The average bed amael slope is approximately 0.5%. While the Sunday River
is regarded as being a provider of high quality trout habitat, channel manipulations
carried out in downstream reaches, and the regular maintenance of these, have
compromised the integrity of this Hmtat. In particular, a mig€hannel bar a few
hundred meters upstream of the confluence of the Sunday and Osgood Rivers presents
a challenge to river managers as dredging and gravel extraction are required on an
annual basigo maintain both the linearizedhannel path ad the desired channel
width. Furthermore, a steep bank several hundred meters upstream appears to be
eroding quite rapidly; the consequences of advanced bank recession are most likely to
be quite severe as there exists a maade pond situted within 10 m of the edge of

the top of the bank (Figure 4.2).
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Because this project was conducted in partnership with the MRNF, several GIS datasets
were made available to us. In particular, a 10m resolution digital elevation model (DEM)
(Figure 4.3) asvell as an IRS satellite image were provided (Figure 4.4). Additional
geographic information system (GIS) files, including DEMs, topographic maps as well as

hydrological and road networks were obtained from GeoBase (www.geobase.ca).

Figure 4.1 Locatioaf the Sunday River watershed

32



Elevation jm)
-
-

Figure 4.3 Digital Elevation Model (DEM) of the Sunday River watershed
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4.2 Historical Analysis

The analysis of human disturbances in the watedshs based on ancient aerial
photographs of the lower reaches of the Sunday River (where forest cover is less dense,
making it possible to see the channel). They were obtained at the Université de Québec
a Montréal Cartothéque as well as from Mr MathieusBiéere from the Coop Forestiére

de St. Agathe. The aerial photos date from 1950, 1959, 1966, 1975, 1984 (UQAM), 1985,
1993, 1997, 1998, 2004 and 2007 (Coop St. Agathe). The photos were georeferenced
and analyzed in a GIS software (ArcGIS, from ESRI), adows for the determination

of the extent, date and nature of channel rectification as well as former stream
patterns. For the georeferencing process, roads that are known not to have changed
layout over time were used~{gure4.4) Assuming no major ahge in elevation in the
valley, the historical planform geometry of the river can be used to reconstruct
longitudinal profiles of the downstream sectioRigure4.4) at various times in the last

60 years. This information helped in determining the hisrequilibrium profile of the

river. A search for topographic maps dating back further than 1950 concluded without

avail.
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Figured.4 Aerial photographs from 1950 and 2004 showing georeferencing targets.

Historical documents of the various human intemtions on the Sunday River were also
available through various sourcesMr. Guy Brochu, from the Ministere du
Développement Durable, de I'Environnement et des Parcs (MDDEP) provided a
comprehensive list of intervention descriptions and dates from hisabricformation
conserved and compiled by the Ministere de I'Agriculture, de I'Alimentation et des

Pécheries (MAPAQ).
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4.3 Field Data Collection and Analysis

In order to document hydrgeomorphological processes and sediment dynamics
occurring in the Sundayatershed (research question }lextensivefield data was
collected. The basic variable$ interest (seeFigure2.1) consist of discharge, channel
slope, grain size and sediment supply. Additionally, field data are required as input in
the numerical modl as well as to calibrate and validate the modeling results
particular, detailed transects of bed and bamdpography wereneeded at a large

number of crossections in order to avoid instabilities in the model.

4.3.1 Water Level and discharge

There is necexisting gauging station in the Sunday River watershed, nor are there any
historical data available. During the summer of 2009, two pressure transducers (Solinst
¢ Barologger & Levelogger; Global WatgBlobal Logger 1) were installed in the Sunday
Rive. The first installation, referred to as Station 1 and comprising a Global Logger Il
was installed on the 7 of June 200dn a river bank approximately 230m from the
downstream limit of the Sunday River (Figure 4.5). The second installation, referred t
as Station 2 and comprising both a Levelogger and Barologger, was ingtalled
September ¥ 2009under a bridge about a quarter of the way between the headwaters
and the lower limit of the river, approximately 5.25km upstream from station 1 (Figure
4.5) These transducers measure the hydrostatic pressure of the water column above

them and are both set to take readings every 15 minutes.
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Figure 4.5 Location of pressure tealnicers

Unfortunately, several complications arose in the collection of watertliejata (Table

4.1). Both pressure transducers installed in 2009 had to be dismantled and relocated in
2010, and in the spring of 2011 one of them was completely washed away in a large
magnitude flooding event. The Global Logger Il at statiomehsed workhg on
September % 2009. Unfortunately, it was not known that the device had failed until the
spring of 2010 when the logdedata was to be retrieved. On June'22010 it was
replaced with a Solinst Levelogger (at a position 3 meters downstream from the
previous location). The Solinst Levelogger does not record atmospheric pressure and

37



must therefore be installed in close proximity to a barometric pressure logging device if
atmospheric pressure data is not already being acquired by other ménsvater

column pressure must be differentiated from barometric pressulejvas decided that

the data from the upstream installation (Station 2) could be used for atmospheric
compensation of the downstream data as this installation included a Barologger and
was sifficiently close. Due to a difference in elevation of approximately 100 meters
between the two installations, a slight correction was applied to the atmospheric

pressure data to be used to compensate the data from the downstream Levelogger.

date station 1 station 2 station 3
jul 282009 |installation of globalogger Il

sep 32009 |globalogger Il ceases working

sep 4 2009 installation of barrologger and levelogger

jun 23 2010 |[installation of levelogger

jul 52010 removal of levelogger and barrologger

jul 20 2010 installation of barrologger and levelogger
apr 24 2011 apparatus washed away by flood

may 12 2011 |removal of levelogger

Table4.1 Three different transducer locations and the installation and dismantling of
the apparatuses, by date. The dates in yellow correspond to the beginning and ending of
the period of data collection by th&obalogger, while those in pink correspond to the
period of data collected by th8olinstievelogger.

The upstream Levelogger and Barologger located at Station 2 were removed ofi the 5
of July 2010. This was a result of road and bridge work being undertaken by the Minister
of Transport on the very structuren which the transducer had been installed.
Consequently, it was decided to relocate the transducer to the upstream end of the
studied reach, approximately 400m upstream of Station 1. The transducer was installed
on the 20" of July 2010 on the left banffacing downstream) and was subsequently

referred to as Station 3.
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Upon returning to the study site in May of 2011, it was discovered that a very high
magnitude flooding event that occurred in late April 2011 had completely washed away
the Station 3 insthation. This was unexpected since then2h ABS piping installation
was anchored to two trees on the bank, one of which was approximatetg2metres

in diameter and appeared to be strongly rooted in the bank. During this flood event, a
section of bak of at least 1.5 meters by 4 meters was dislocated and entrained, along
with several mature, healthy trees. As a result of this loss (of both Levelogger and
Barologyer data), no atmospheric readings were available since the last survey of
November &' 2010. Atmospheric pressure data from the Thetford Mines weather

station were used in lieu of the unavailable local data.

A Leica totabktation (TC805L) wassedat repeated intervalg¢o determine and monitor

the height of the transducer above the bed anddetermine the elevation of the water
surface. Water depth and channel width measurements taken at regular intervals were
used to obtain the crossectional area of the channelh& square counting method was
employed to ensure a high degree of accuracy coimputed discharge values
Throughoutthe 2009 and 2010 field seasonscarrent velocimeter (Swoffer model
2100) was used to acquiseveral crossectional measurements of velocity for a range

of flow conditions. These included 5 measurements at the @tatilocation in 2009 and
another 8 in 2010, 5 at the Station 3 installation in 2010 and another 3 at Station 2. The
computed discharges were combined with the water level data to generate a rating

curve. However, it remained difficult to obtain cresscional velocity measurements at
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very high discharges, mainly because of the difficulty of wading in the river at high flow

stage with high velocity.

To supplement the dataset and thus increase the accuracy of the equation(s) linking

stage to discharge, toretical discharges were computedinga I YY Ay 3Qa Sljdz G A
Q=n'R?s"A (eq. 4.1)

wherey A& al yy Ay éeficienN®@itrs Kayige #ram 0.013 to 0.03), Q is
average dischargen’/s), R is hydrait radius (m) and A is the cross seaél area ().

By comparing the theoretical discharges to the measured ones, it was determined that
the value of n = 0.013 was indeed the most reasonable (Fig6je A rating curve was
computed based on bedit parameters: then plotted and an equatiaenerated using

curve fitting software:
Q = 66.5254 E-°182M (eq. 4.2)

where Y is flow depth and Q is discharge (Figusg 4.
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Figure 46. Rating curve at Station 1 on the Sunday River.

4.3.2 Long Profile

In early November of 2010, a Magellan Prokndifferential GPS unit was loaned from

Dr. Thomas BuffuBélanger from Université du Québec a Rimouski (UQAR)he
apparatus provides coordinate data (latitude, longitude and elevation) accurate to a few
centimetres.The equipment was used on thd 56" and 7" of November 2010. Data
collected were used to generate a longitudinal profile of the river bed and water surface
along a 500m section of the Sunday River at its downstream end. Point data were also
used to increase the number of cressctional gemetry transects to be used in one
dimensional modeling and to add locations of interest (such as areas of bank
stabilization) and the exact geographic locations of the benchmarks used in total station

survey in order to georeference previously acquiregdgraphic data.
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Raw point data werg¢ransformed into coordinates i TMNAD83using GNSS Solutions

data treatment software and then integrated into an ArcGIS database.

4.3.3 Grain Size

The Wolman method (Wolman 1954) was employed with random sampling alyeve
spaced crossections (spacing was determined using a standard GPS). Sediment
samples were analyzed in each cross section by picking up whatever sediment happened
to be directly under the big toe as one meter footsteps were taken perpendicular to the
longitudinal axis of the channeA total of 719 sediment samples were collected on the
channel bed and bar surfaces of the Sunday River. Of these, 379 were collected in the
500m study reach; the data was gpmd into 4discrete zones to facilitate its use the

sediment modeling module of HERAS (Figure ).
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Figure 47 Sediment zones in model reach

Another 237 were collected from the surface of the rolthnnel bar itself. Additionally,
sediment samples of the stgurface of the miechannel bar were déected in order to
analyze differences in sediment size distribution due to bed armouring. In total, 19.14 kg

of sediment were acquired from 7 sections of the bar (Figusg 4.
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Figure 48 Mid-channel bar sediment zones

The bar was divided into these $enis of approximately equal areas in order to be able

to record variations in sediment size distribution both longitudinally and laterally. The
subsurface sediment samples were sorted into size classes using the sieve analysis by
weight method. All sedin@ data, both above and below surface, were plotted on the

phi scale in order to determine size class distribution as well as thelE and R,

where Qe represents the grain size diameter where 16% of the grains are figgis D

the median diameterand I, is the diameter where 84% of the grains are finer.

4.3.4 Sources of Sediment and Sediment Transport Rates
Previous worlsituating and characterizingank failure locatiosa and sediment sources

on the Sunday River was made available (Frederic Lewss, g@nm.). This analysis also
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included the evaluation of bank stability, riparian zone presence, and livestock access to
the river and its tributariesAt the outset, the neasurement of erosion rates of the
particularly problematic steep bankbank angle wll over 45°, Figure 4.2), which
consists of relatively cohesive sediment and exhibits signs of water saturation (possibly
because of the presence of a pond on top of the bankas attempted using the
technique of erosion pins. A total of ten 1.3 m pinsre installed in the bankn the
summer 2009 However,because of the cohesive nature of the bank material, bank
failure events were too large in volume to be measured using this technigigeire

4.9). For the technique to be effective the rods would puesably have tde inserted to

a depth of at leas m, they would have to protrude from the bank at least 1and
would have to be of a sufficient diameter to resist large weight loads generated from
bank material falling from above. Given the context dmditations of this research,

using erosion pins in this study was unrealistic.
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Figure 49 Erosion pins after one or more bank failures. Note the orange pins to the left
and right of the 3 mangled pins in the center of the photograph. This photbadawer
section of the bank in Figure 4.2.

This bank was ultimately analyzedinga Leica Scan Station 2 terrestrial laser scanner

(TLS), otherwise knawas ground LIDARFigure 410). A second site was also
investigated using TLS. The second site serees of two meanders (one wavelength)

where the Sunday River borders a saw mill. Mill workers allege that the banks here
SNBERS Iy |@SNI3IS 2F al F220G 2N G062¢ LISNI &S
predominantly coarse sediment. The sites wetgveyed twice in 2009, once in August

and againin November. At the first sit¢Figures 4.2 & 9), another survey was also

taken in June 2010.
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Figure 4.0 Leica Scan Station 2 in operation on the Sunday River.

TLS scans generate point clouds which b& analyzed using either CAD software,
proprietary software produced by the manufacturer (Leica Cyclone) or, as in this case, a
O2Yo0AYylLGA2Yy 2F 020K® t2Ayd Of 2dzZR RFGF g1 &
branches, debris, or anything that céie confused with actual bank values. Once this
preliminary analysis is completed, a digital elevation model (DEM) was generated using
Cyclone Topo software. ArcGIS was then used to overlay successive DEM datasets and to
generate estimates of the volumes sédiment that had been eroded during the time

intervals between LIDAR scans.

The problematic migthannel bar at the downstreaimost reach of the Sunday River
was repeatedly surveyed using a total station in order to trétskevolution and
determine howsediments accumulate in thdownstream Sunday River. During the

summer 2009, 5 surveys were undertaken (July, 2289 28" and August 8, 12"). In
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2010, 4 additional surveys of this reach were undertaken (Jdhaudy &', August 28,
and November7"™). The data were analyzed in ArcGIS by generating DEMs and

overlaying these in order to determine areas of degradation or aggradation.

4.4 Numeri cal Modelling

4.4.1 HEGRAS

The one dimensional model HIRAS Kydrologic Engineering Centers River Analysis
Systen), version 4.1.0, was used in this research study. The modedevatoped by the
US Armmy Corps of Engineers and is available -dfebarge:

http://www.hec.usace.army.mil/software/hecas/. The software is able to perform four

types of analysis: steady flow and unsteady flow simulations, sediment transport
computations and water quality analyses. In the steady and unsteady flow components,

the model performs backvater calculations to compute ater surface profiles for

different characterizations of the reach(es) being studied. Modifications can be made to
3S2YSGNRI Ft2¢ YR NBaAadlyOS OKFNIOGSNRI I
comparison studies. The recent development of HEEORAS (a tool for HERAS
parameter input as well as pesitegration analysis in Arc GIS framewohnias greatly

improved the applicability of the model to fluvial geomorphological investigatimns

simplifying crossectional profile acquisition and inpuOne of the main benefits of
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HEGGeoRAS is the capability to use DEMs instead of -sexg®on topography for

channel geometry input (Aggett & Wilson 2009).

HECRASwvas used in this study to predict the water surface profile, measures of erosive
potential such as stream power and shear stress, and sediment transport estimates

along the problematic downstream sectiasf the Sunday River (Figure #)1A 1D

model such as HERAS does not take into account the effect of lateral changes in
channel geometry ashroughness but instead uses average values of essonal data

for these. This leads to more simplistic results than 2D or 3D models, but also requires
much simpler parameterization of channel reach characteggcunner 2010). Input
parameters fo steady flow simulations are discharge, successive @®estsonal channel
geometries, and roughnessstimates of the channel and banks, characterized as
alyyAyaQa y @ltdzSad {SRAYSYyd UGN YyALRNL |yl

size classesm their respective distribution at each cross section.
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Figure 4.1 Model reach overlaid with TIN generated from total station and DGPS data
and transects. Pink transects were generated by-BEGRas extension for ArcGIS while
yellowtransectswere sugplemental transecténput manually

It is recommended to gather crosectional data both upstream and downstream of the
reach to be studied in order to eliminate any uskafined boundary conditions that may
lead to inaccurate results. However, cross gmBw at and downstream of the mid
channel bar (Figures 4.2 andB#were not incorporated into the study as the area was
deemed to be too dynamiover short time periodsresulting in difficult or impossible
model validation and output verification. A tdtaf 26 crosssections were positioned to

represent the changes in slope and roughness (Brunner, 2010).

A total station and DGPS unit were used to gather (X,Y,Z) points along thasectess
which extended from the channel onto the adjacent banks (piakisects in Figure

4.12). As is evident in Figure £2,1an area devoid of data was present just downstream
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of the left handed bend (looking downstream) below the artificial lake. The lack of point
data was a result of vegetation in the area, which limitae field of view of the total

station and interfered with the satellite signal reception of the DGPS unit. The model
simulations produced water surface slopes in the area in question that were
inconsistent with those measured in the field. In resporsdemporary total station

benchmark was installed in the area in order to supplement the dataset. Instead of
generating a new TIN, the points themselves were incorporated into 2 supplemental

cross sections directly in HEAS (yellow transects in Figuréy.

Sediment transport potential is a measure of the volugremassof a specifiesized
sediment class a river is capable of transporting at specific stafes. sediment
transport equations are applied separately to each grain class, esgThe equabns
available in HERAS are the following: Ackers and WHit®73) Engelund and Hansen
(1967) LaurserCopeland(1958) MeyerPeter Muller (1948) Toffaleti (1968) Yang
(1979} Wilcock and Crowg003) The Wilcock and Crowe (2003) equation was used in
this caseas it is the only equatn that is available in both HERAS and BAGISowever,

it is not idealin this casedue to its relatively high sensitivity to estimated sand content
(precise estimates of sand proportions were not acqujréhce transpd is computed

for each grain class, a total volume is computed by summing the contribution of each

class relative to its abundance (Brunner 2010).

If a highenough resolution DEM of the watershed had been available, it would have

been possible to extrackome parameters such amit stream power(equation 2.2)
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(e.g. Barker et al. 2009) which could have been compared to the output of the numerical
modelling simulations. Unfortunately, the only DEM available for the Sunday watershed
Is that provided by the ®NF, which has a pixel resolution of 10 m, Wwhich is built

from contour interpolation andior which there exists no detailed error assessment.
Preliminary tests running hydrology tools in ArcGIS revealed that it was not possible to
use this DEM to exta any relevant information such as water surface slopehannel
width, both of which are variables needed for the calculation of unit stream pdegr

Ferencevic and Ashmore, 2012).

An important parameter in 1D modelling is channel roughness, quedtifising the

Manning roughness coefficient (nChannel and floodplain roughness are assigned
different values of composite roughness estimates as overbank areas are modelled as
RAAONBGS OKFIyySta o0asSS as o lidtaly madebgp gadh al yy A

transect based initially on the grain size distribution analysis (see section 4.3.3).

Modelled water surface slope was comparnedactual slope as a calibratigachnique,
YR alyyAy3aQa y ¢l a FR2dzAGSR A yMHIYYONERYay QS5

valuesfor the channelvere compared toactual flow rates as a validation technique.

4.4.2 BAGS
BAGS (Bed load Assessment for Gravel bed Streamspivare in the public domain

developed by Peter Wilcock, John Pitlick and Yantao Cui (Wilatcal. 2009)to
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calculate sediment transport rates in gravel bed streamhds written as a macro for
Microsoft Excel. Several bledd transport equations are available for use in BAGS, such
as Parker (1990); Parker et al. (1982); Parker and Klingeh®82)( Wilcock (2001);
Wilcock and Crowe (2003); and Bakke et al. (1999). The Wilcock and Crowe (2003)
model was used in the simulations for this study to be more easily comparable to the
simulation result generated by HEAS. Input parameters requiredcinde channel
geometry input as X coordinates, channel slope, hydraulic roughness estimates,
discharge, and bed material grain size distribution. The input values for the BAGS
simulations were identical to those used in HEAS. The purpose of using BAGS to

verify simulationintegration and theresults produced by the sediment transport

module of HEERASuy duplicating them in BAGS
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5 RESULTS

5.1 Historical Analysis

The downstream section of the Sunday River between the route 226 bridge and its
corfluence with the Osgood River underwent significant straightemntpe 1950s Mr

Guy Brochu, an engineer and analyst with Mimistere du Développement Durable, de
fUIYODBANRYYSYSYyld Si RSa t I NOesltatiaNB & aWRIS R
2008 du dossier conservé par le ministére de I'Agriculture, de I'Alimentation et des
t s OKS NA S a summarizing thé historical records of work carried out in the
Osgood and Sunday River watershéBsochu 2009) The records indicate that work
being executedon the Sunday River was suspended on tffeo December 1954,
resumed on the 13 of July 1955 and finished on th® @7August 1955This is believed

to be the initial large scale chanmalnipulationbased on both the MAPAQ records and
the analysis ohistorical aerial photographs (Figurel® It resulted in a approximate
decrease of channel length from 3.63 km to 2.72 larhich correspondso an increase

in slope of about 25% I he lower Sunday River was almost entirely linearized, save for 2

large wavelength meander loops in the downstream reach.

Historically the Sunday River had adjusttself to the confines of the vallegs well as
its solid and liquid discharge regimedHowever, following the initial channel
manipulation of 1955, ntermittent but continued re-straightening work had to be
undertakenbecause the course of the rivead beenaltered fromits natural state. The

MAPAQ records indicate that subsequent work was undertaken in the Sunday
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Watershed in 1974977, that work along 1063 m ofi¢ Craig Creek (a tributary of the
Sunday Figure 443 6+ & dzy RSNII 1Sy Ay wmMdoynI | YyR
River was undertaken in 1992, 1999, 200005 and again in 2007 (Tablelp These
records include interventions that wermxecuted in respnse to requests by either the
municipality of Sainfacquesle-Leeds or the countyMRC des Appathes, formerly
known asaw/ RS f Q! previbughiiafso apriReil de comté de Mégantic).
However, unsanctionedhannel manipulationgdredging and restraightening)in the
area of the mid channel bar and in the downstreamost reach of the river (around
zone 1, Figure 4.7) are alleged to have occurred of3ay@ar basis, at least in recent

times. It is believed that the last intervention was carried mu2008.
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Figure 5.1Historical @ths of the lower Suday River in 1950 and 19%®erlaid on an
aerial photograph from 1950. The firahd largesstraightening effort occurred in 1954
55.

While the initial channel straightening that occurred in 199565 was the most drastic,

that which was carried out in 197877 was also significant in terms of its impact on
the downstream Sunday River. It was during this intervention that 2 large meander
loops were eliminated from the downstreamost reach of theSunday River (Figure
5.2). This reach is now characterized by significant problems of erosion and constitutes

the reach of interest in this study.
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Figure 5.2 Channel paths in 1975 and 1979 overlaid on aerial photograph from 1979.
The second most signifiot channel manipulation occurred in 1976. Two large
meanders were removed from the area now characterized by the formationroida
channel bar.

Figure 5.3 shows the earliest (1950) and most recent (2007) channel paths measured
from aerial images that weravailable for study. One can easily see the development of
a meander bend around a mihannel bar at the top of the image. According to the
accounts of local farmers, the meander bendestablishes itself within the span of2

years after rdinearizdion by means of removal of the bar.
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Figure 5.3 Channel paths in 1950 and 2007 overlaid on a satellite image from 2007. The
channel has been displaced up to 100 meters in the downstream most reach.

GlSanalysis of historical channel length shows tha H#verage rate of reneandering in

the Sunday is relatively consistent, and is roughly equal to an increase in length of 8.5
meters per year between the Route 226 Bridge and the confluence with the Osgood.
Table 5.1 summarizes channel length in each of akgal photographs and satellite
images obtained for the study. The-s&raightening work that has occurred in 1958,

1976 and 1999 resulted in sharp decreases in channel length, and therefore in increases

in channel slope (Table 5.1, Figure 5.4).
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Yea Length: 226 Bridge mouth (km)

1950 3.63
1959 2.72
1966 2.77
1975 2.87
1979 2.63
1984 2.67
1985 2.64
1993 2.7

1998 2.66
2007 2.66
2011 2.8

Table 5.1 Channel lengths as measured on 11 aerial images between 1950 and 2011.

Length of the Sunday River (Route 226
bridge to mouth)
4 -
Channel length
| r:educr.on 01:250{{) Re-meandering
35 J ;iiii;?:{jaes.fm results in 7.4%
Pe) Re-straightening length increase
results in 8% in 35 years,
channel length despite periodic
5 3 reduction re-straightening
—-"'.-—.-
25 1 HNatual re-meandering
increases channel
length by 6% in 20
2 years
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
a
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Figureb.4 a) Channel length of the downstream Sunday River between 1950 and 2011.
A relatively consistent rate of smeandering was observed following river straightening.
Orange marks indicate channel lengths measured from aerial images, with linear
interpolationused between these dates, assuming a constant rate-ofieandering.

Three significant straightening events (as documented in the MAPAQ records) are
shown.5.4 b) shows the sinuosity index over the same time scale

5.2 Field Data Collection and Analysis

5.2.1 Discharge

During the study period, discharge (as computed from the rating curve (equation 4.2))
varied between 0.02 fifs and 30.2 m¥s (Figure 5.5 It should be noted that there is a
higher level of uncertainty associated witbstimated discharges above bankfu
(approximately14.7nt/s) asthis is the upper limit of the dataset used to generate the
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rating curve.The maximum discharge occurred on April 28, 2011 and corresponded to a
water level at Station 1 of 2.1 m above the bed, approximately 0.9 m above udankf
level. Although no historical discharge data exist to confirm it, it is estimated, based on
the recollections of local farmers, that the recurrence interval of a flood of this
magnitude is approximately 50 years. The estimated bankfull discharge.Bfnfs,
corresponding to a water surface elevation of 212.5m, was attained or exceeded once in
August 2009 and three times during the spring of 2011 (once in March, twice in April).
Thus,it is theorized thatthere were several events capable of transmogt significant

amounts of bedload sediments during the study period.

Discharge June to September 2009
35
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Discharge June 2010 to May 2011
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Figure5.5 Hydrographs showing discharge measured at Station 1 for a) June through
September 2009 and b) June 2010 through May 2011. The red lines indicate the bank
full stagewhile the orange circle in b) demarks the estimatedy®ar recurrence flood

that occurred in late April 2011.

5.2.2 Long Profile

The longitudinal profile ofhe water surface othe lower SundayRiver is presented in

Figure 5.6
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Figue 56 Longitudinal profileof the study reach of the Uhiday River. Distance is
measured fronstation 1 (which correspondsa O on Figure 5.6 a). The four slope zones
in b) are presented in Figure 5.7
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Figure 5.7 Studyemch wih water surface elevatiorpoints measured November "7
2010 (which corresponds to the medium discharge) for the four slope zones (see Figure
5.6).

There are clearly significant variations of the slope in the study reach, with markedly
shallower slopes in the downstream sectidmih upstreamand downstream ofthe
mid-channel bar). The study reach can be divided into faacreéte sections based on
breaks in Bpe (Figures 5.6 and 5.7The section immediately upstream of the Station 1
pressure transducer hasveater surfaceslopethat is lower than adjacent sections by a
difference larger than one scale of magnitude (0.039% compared to 0.51% for the reach
immediatelyupstreamand0.76% for the reach immediately downstrearimterestingly,

slope zonel (thatwhich is furthestdownstream)is characterized as having the steepest
slope. Water surface elevation data was acquired durirgdatively low flows, durig
which only oneperennialchannel weaves its way to the rigliboking downstreampf

the bar. The bar itself is thus more acately defined as a point bar, during lower flows.

64



The upstream end of the point bar acts as at swirdamn, holding back water at its
upstream limit As the water flowsaround the bar, a narrow channel incises itself
somewhat, creating the steep slope.oWever, as was observed in the field, it is
theorized thatat higrer flows nearing bankfull levevater flowsaround and over the
bar, resulting in a lower and more uniform slope throughout the two downstreaost

slope zones (Figure 5.6 and 5.7).

It is passible to calculate bed shear stregkfor these four zones usireguation 2.1.
Figure 5.%resents bed shear stress for the four zones at IQ& 0.03 ni/s), medium
(Q=1.02 ni/s) and bankfull flow®=14.7m?%s) (medium flow corresponds to the
median flow of the discharge record)'he water surface slope used in the calculations
was for the medium flow stage, which was very similar to the low flow stage water
surface slope. At bankfull flow, it isgbablethat the water surface slope would change
(see section 5.3). Howevedue to the difficulty of collecting data at higher flowse

have no field measurements of the water surfadevation at bankfull level and thus
had to assume that only flow depth would change with flow staggeis evident in

Fgure 5.8, bed shear stress is markedly lower in slope zone 2.
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Figure 5.8Bed shearstress computedrom equation 5.1 for the fouslope zones as
delineated in Figure 5.7.ow, medium and bankfull flows correspond to discharges of
0.03, 1.02 and 14.7 #s, respectively.

5.2.3 Grain Size
In order to analyze the shear stress results in terms of sediment transport, the grain size
distribution in each zone had to be characterized. The calculatgd®) and 34 are

presented in Table 5.@r the study reah.
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Dis(mm) | Dso(mm) | Dgs(mm)
Zone 1l 3.1 18.4 38.1
Zone 2 2 16 90.5
Zone 3 2.6 38.1 104
Zone 4 13.9 36.8 73.5
All Zones 3.3 23.4 64

Table 5.2 Grain size in the four sediment =zones (Figure 8).4.
* Note that rip rap bank stabilization was put in gte in this zone, which is likely the
cause of the large difference betweenoand Q4. Sediment distribution curves are
presented in Appendix A.

It is apparent that there is a certain degree of downstream fining in the study reach.
Zone 1, which is fursst downstream, is characterized by somewhat finer grain sizes
than the other zonesalthough they are not dissimilar to the grain size in zona fact,

the grain sizes of zones 1 and 2 appears to be quite similar, as do those in zones 3 and 4.
Nonethekss, a trend of downstream fining is evidedbne 1 can be characterized by
two distinct sections: a perennial channel and a large mid channel bar (Fig8rand

4.9). The size of theediment both on the surface of the bar and below was found to be
significantly finer than the sediment in the channel. Furthermdseth longitudinaland
lateral gradiens in grain sizewere observed on théar. The zones that are furthest
downstream (Figure 49 and Figure 5.9Wwere found to display finer sediment while
zones that are laterally further away from the main channel also display finer sediment.
In other words, there is a trend of fining both downstream and laterally away the

main channeltowards the inside of the meander benigure 5.9llustrates the esults

of a sieve analysis of samples taken on and below the surface of the bar:
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Figure 5.9Mid channel bar sediment zones withdgreen), 3 (yellow), and gy (red)
represented by proportionately sized bar charts.

Critical shear stress is defined the minimum shear stress necessary to induce motion

in a particle of a representative sizes{@r Ds4 ¢ here By is used). Although in gravel

bed rivers with heterogeneous sediments the relationship between critical shear stress
and mobilized particle ise can be complex (Parker et al., 1982; Buffington and
Montgomery, 1997; Lenzi et al., 2006), here the simple Shields approach is used

(Shields, 1936)

= ecd O Dy (eq. 5.2)
g K S NB critical shear stress (in Nfnor Pa),’ ¢ is Shields nomlimensional shear

stress (taken here as 0.044)js acceleration due to gravity (in s, “sis mass density
68
























































































































