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Abstract

Watershed urbanization profoundly alters the hydrologic characteristics of urban rivers compared to
their rural counterparts. This change in hydrologic conditions in combination with alterations to the
sediment supply regime in urban watersheds leads to adjustments to channel form and the widespread
degradation of urban rivers. Urban river management increasingly attempts to balance the societal
needs of flood and erosion control, while simultaneously improving the ecological health or
waterways. Two common types of river management include stormwater management (SWM), which
focuses on the attenuation of urban floods, and in-stream restoration, which attempts to reconstruct
stable and ecologically favourable channels. However, current urban river management designs lack
consideration of the key process responsible for channel stability and habitat availability: bedload
sediment transport. Two reasons for this shortcoming are the lack of bedload sediment data in urban
watersheds and the consequent gap in understanding of the bedload transport dynamics of urban

rivers. Consequently, the degradation of urban rivers persists.

This project investigates bedload transport dynamics in urban rivers with different
management scenarios to focus on four themes: (1) how urbanization affects bedload transport
dynamics and its relationship to channel morphology, (2) how to best predict bedload transport
dynamics in urban rivers, (3) how current urban river management strategies change the transport
dynamics of rivers, and (4) how to improve bedload sediment monitoring technology. This project
focuses on the grain-scale bedload transport dynamics of coarse material because it links to the
morphodynamics and ecological processes of channels, it provides insights on the exact controls and
spatial variability of bedload transport, and the responses to individual flood events can be directly
measured. The overarching goal of this study is to contribute to improved urban river management

strategies that focus on adaptive management and interdisciplinary approaches.

Bedload sediment transport was monitored using RFID tracer stones in three streams with
different hydrologic settings: rural, urban with no SWM, and urban with SWM. High-resolution water
level data confirmed the hydrologic differences expected from the three watershed conditions, as well
as channel enlargement characteristic of urban rivers. Results demonstrate that the morphologic
differences between the study streams can be linked to changes in the grain-scale bedload transport
dynamics of the streams. Bedload transport is accelerated in the urban stream due to an increase in the

frequency of bedload mobilization, particularly of coarse sediment sizes. In contrast, SWM has



decreased the bedload transport to an immobile and armoured state indicative of a competence-limit

transport regime. Results are used to make recommendations for improved urban river management.

Results from the bedload tracking were used to build predictive models of tracer
displacements. A new variable that captures both the mobility and travel length of bed particles is
introduced. Several flow metrics developed in the literature in rural and laboratory settings are
calculated, and their ability to predict tracer displacements in the three streams is tested. Scaling
tracer travel lengths by mean channel width collapses the data into a single, strong relationship with
cumulative energy expenditure, providing a single model that can be used across systems with

different watershed conditions.

To assess the impact of an in-stream riffle-pool channel reconstruction on bedload sediment
dynamics, bedload transport and morphologic change was monitored in adjacent unrestored and
restored reaches of an urban channel. Results reveal that the restored reach is stable and self-
maintaining, mirroring bedform maintenance processes in natural riffle-pool streams. However, the
construction is more successful at slowing down the transport of coarse sediment more than fine
sediment, leading to a coarse sediment discontinuity that may be contributing to accelerated channel
adjustment beyond the limits of the constructed riffle-pool sequences. This project highlights the
importance of considering the entire channel corridor when designing and monitoring restoration

projects.

A large limitation of bedload sediment tracking technology is the inability to determine the
vertical position of tracers, which hinders the ability to study vertical mixing and translate tracer data
into bedload transport rates. A new Radio Frequency Identification (RFID) bedload tracer stone is
presented, along with results of laboratory performance tests. This new bedload tracer improves upon
existing bedload sediment monitoring technology by providing the ability to measure the burial depth

of tracers without disturbing the bed.

An important contribution of this study is the extensive dataset of bedload transport collected
in urban rivers. This study attempts to move away from descriptive differences in the characteristics
of urban rivers compared to rural streams, and towards a process-level understanding of the
anthropogenic effects on river systems. Grain-scale bedload transport theory, developed in rural and
laboratory settings, is applied to urban settings to gain insights into the effects of urbanization and
common river management strategies on the geomorphic processes of urban rivers.

Recommendations for improved urban river management are developed from the results of this thesis.

vi



Acknowledgements

First and foremost, I would like to thank my supervisor Dr. Bruce MacVicar for his guidance and
support over the past four years. I would also like to thank Dr. Peter Ashmore for providing valuable
insights and feedback during all stages of this project. This thesis would not have been possible

without them.

I would like to thank the community at the University of Waterloo and the Department of Civil and
Environmental Engineering for providing resources needed to complete this thesis. NSERC provided

financial support to make this project possible.

I would like to acknowledge the individuals who worked on selecting, setting up, and seeding the
field sites used in this project long before my arrival to Waterloo, particularly Vernon Bevan and

Margot Chapuis.

Terry Ridgeway and Julian Krick deserve special recognition, as their help with site instrumentation,

fixing equipment, and teaching me how to survey were vital to the success of this thesis.

The data collection for this project was long and painstaking, requiring early mornings, suffering
through GTA traffic, and many hours in less-than-favourable weather and/or bug conditions. I want to
thank the long list of graduate students and co-op students who helped with chasing stones and
frustrating surveys: Thomas Raso, Patricia Huynh, Aryn Cain, Chris Muirhead, Kayla Goguen, Asal
Montakhab, Matthew Iannetta, Adam Schneider, Allen Chen, Kayleanna Giesinger, Lukas Mueller,
Sadegh Arshari, and Jackie Wintermeyer. Thank you for helping turn those long days into amazing

memories.

To my family and friends who volunteered their time to help me in the field, your support on those
desperate days is appreciated. Thank you to my brothers, Panos and George Papangelakis, Sarah
Peirce, and Krystalia Hatzinakos.

I would not have been able to complete this degree without the encouragement of my family and
friends. Thank you for challenging me to reach high and for your unconditional support at every step.
I am grateful for every coffee break, pot-luck, hike, and overnight-stay.

Finally, to Adam: your patience and unwavering belief in me have been paramount to my success —

thank you.
vii



Table of Contents

Examining Committee MEmMDETSRIP ........cccoiiieiiiiiiriieiiie et csiiee e e st e e staeeeseereeesesesreeeenns ii

AUhOT'S DECLATALION. .....eouttieiiii ettt ettt et e sttt e sab e ettt e sttt e et e ebeeesmteeenneeas iii

Statement Of CONETIDULIONS ........eiiiiiiiiiteit ettt ettt ettt e et e st ee e it e e sbeeesaeeeeeee iv

KN o1 ¢ o1 A PRSP RUTPUOPOPI v

ACKNOWIEAEIMENES ...ttt et ettt e ettt e e bt e st et e eateeebte e sttt e sneeeennee vii

LISt OF FIUIES ...viieeiiiiie e ettt tee ettt e ettt e e ettt e e ettt e e e s st aeesessseeesanssaeeeanssaeesanssaeesanssaeesannsseeennns xi

|5 Ao 1 o) (SRRSO U PR Xiv

LSt OF ADDIEVIATIONS. ..ceeuetteiutiteitie ettt ettt et e ettt et e et e e sbeeesateeebeeesabeeesneeeennee Xvi

| ) 5 14T ] £ SRS SRP Xvii

Chapter 1: INtrOAUCHION. ......ceiiiiiiieeiiiie ettt e et te e ettt e e et eeesstbeeeeestsaeeesssaeeesanssaeessssseessnnsseeessnnsns 1

L O o 715 APPSR 2

1.2 TRESIS OTZANIZALION ....vereieiiieeeeiiieeeesiiteeeettteeeesnreeeesstreeeesssaeeessssseeessssseesssssseesssssseessnsnseees 3

Chapter 2: Literature REVIEW........ccoccuiiiiiiiiie ettt e ettt e sitee ettt e e teeeesatee s ssntsaeessnsaeeesnnsseeessnnsns 5

2.1 The 'Urban Stream Syndrome'............c.eieeriiiieeiiiiieeieiieeeeeiiteeesiveeeesnreeeessreeesssneeeessnsneess 5

2.2 UTban RYATOIOZY ..eceeeviieiiiiiie ettt ettt e ettt e ettt e e s s tee e e e ntaeeesnsseeesensnaeesennsaeens 6

2.3 Channel form and Stability .........c..cceorciiiiiiiiiiieiiiiie et eree e e etree e s etreeeeeennee s 8

2.3.1 Conceptual models of channel response to urbanization...........ccoccceevceeinieeinieenieennen. 9

2.3.2 Trends of channel change in response to urbanization.............cccocceeeveieeenieensieensieeene 12

2.4 River Management StTALCZICS .....c.vvvrerrurrreerririeeeeerreeeeserreesssssseesesnsseeesssnseeessssseesssssseeesanssns 13

2.4.1 RIVET TESTOTATION. 1. .utteiuiiieiiieeitie ettt et ettt e st et e et e sttt e st e e beeesmbeeeenteeeaaee 13

2.4.2 Project Success and MONTEOTING. ........cuvvreerrrrererrirereerrnrreeessnreeesnsneeessssaeesssssseesssseees 14

2.4.3 Stormwater MAaNAZEINENL ........ceeeetriiiiiiiiieeeeeeriaaiiiitteeeeseaaaateeteeeeeeeaaanreeeeeeeesesssnnseseees 15

2.5 Bedload Sediment tranSPOTt ..........uveeerciiiieeriiieeeeiieeeesireeeessrreeeesstneeessnreeessssseeessnsseeesennnes 17

2.5.1 Particle MODIIIEY .....ccvviiiieiiiie ettt e e e e e et e e s sntraeeeenraeeeenneeeas 18

2.5.2 Particle travel Iengths ..........coiiiiiiiiiiiiie e e 19

2.5.3 VIrtUAL VEIOCILY ..eeieiiiiieeiiiiee ettt e ciite ettt e ettt e e ette e e st e e e sntaaeesenssaeesenssaeesennneeens 21

2.5.4 Bedload dynamics and channel morphology ............ccccvveiveiiieeiniiieeiriie e 22

2.5.4 Bedload tranSport in Urban TIVETS ..........eeerevrieeeririreeeririeeessrreeessnreeessnreeessssseeessssnneens 23

2.5.6 Bedload transport in semi-alluvial TIVETS..........cccvviriiriiiieiriiiiee e esieee e 24

2.6 Bedload tracking teChNIQUES..........eviiriiiiieiiiiie ettt e et ee e erree e e 26

2.7 SUMMATY Of TESEATCH ZAPS. . .veeeeeriireeriiiteereiiieeeriteeeesirteeessreeeeestaeeessnseeesassseeesnnsseeesannses 28

TTANSTHON A ...ttt ettt ettt e e e ettt e ettt e s et e e eab et e et e e e sateeeabeeesabeeeanbeesbteesateeenneeas 29
Chapter 3: Bedload Sediment Transport Regimes of Semi-alluvial Rivers Conditioned by

Urbanization and Stormwater ManagemeENt ..............ceevueeerruieeeeniiireeeranreeesssreeessssseeessssseeesssssseeennns 30

3.1 TIETOAUCHION ..enieiitie ettt ettt et et e ettt e ettt e et e e bt e sabeeeeateeenaeeas 30

3.2 STUAY STEES..eeeiurrieeeeiiieeeeiiiteeeettee e e ttteeeettteeeststeee s nsaeeesanssaeeesnssaeesannsseeessnsseeesassneesnnnsseens 33



B3 MRS, .ottt e ettt e et ettt ——————————ttaran—— 37

TN 0 B 5 41 (o) Lo} e 7SRRI 37
IR I [0}y o) 1) (07 = USSP 38
3.3.3 Bedload sediment traCKing .........c..eeeerouiireeriiiieeiriiieeeeiieeeeesiieeeesireeessereeeessnnneeeeennnns 38
IR N 4 1 £ TSP 40
B4 RESUIS ..ttt ettt e e ettt e et a e e ettt e e e tbaeeeetraaeeantaeeeenntraeeeannres 42
3.4.1 Shear stress threShOLAdS ..........iieviiiiriiiiiie e e e e e 42
3.4.2 MOTphologic ChaNEE ........ccuvviiiiiiiee ettt ettt e e e sree e e e e e e e nneeeeeennnes 45
3.4.3 Tracer MODIIILY ...eeeiieiiiieiiiiieeeiiee ettt eeee ettt e e et e e e et eeeessstraeesennaeeeesnnseesennnnns 46

3. 4.4 Travel IeNGLRS .....ooviiiiiee e e et e e e ennees 49
3.4.5 VITTUAL VELOCILY ...vieiiiiiireieiiiee e eiiee ettt ettt e e ettt e e ettt e e e e ntaeeessntsaeesensaeeesnnsseesennnnns 53
3.4.6 Comparison with alluvial TIVETS..........ccviiiriiiiieiiiiie et 54
3.5 DIISCUSSION ..eeteiuiiiireeeiiieeeeetteeeestteeeesttaeeessstteeessnsseeesssssaeesanssseesasnsseeesanssseesannsseessnnsseeesnnssns 56
3.6 CONCIUSIONS .....vviite ettt e et te e ettt e e ettt e e e e ttee e s staeeeessesaeeeassaeeessnssaaesanssseessnnsseessnnsseeesnnssns 61
B0 11011 1 2 2SRRI 63
Chapter 4: Predicting Bedload Transport in Urban RIVErs............ccccvevveiiiiiiiiiiieiiiee e 64
T 113 (0 TG LD (o7 o) 4 PSP UPURPRRPUPPR 64
Y] 1511 s oY TSP PUUPRPUPSR 66
4.2, T SHUAY SILES....uieeeiiiireeeiiiteeeeitteeeettteeesettteeessttteeessasseeeasssseeessssaeeeanssseesasssseeesssseeesnnssns 66
4.2.2 Bedload sediment traCKing ..........cc.eeeereuiireiriiieeeeiiiieeeeiieeeesireeesreeeessreeeesenereeeeenenes 66
4.2.3 FLOW INIELIICS .eeeeueviireesiiiieeesiitieeesiteeeesttteeeetsteeeesnsseesenssseeessnssaeessssseesasssseesssnsseesnnssns 67
4.2.3.1 Threshold for tracer MObIliZatioN............eveeeiiireeriiiieeeiiee e e 70

4.2.4 MOdel DUILAING. .....coiiiiiiieiiiiie ettt ettt e ettt e e s e teae e e seraeeesnsaaeesennseeeeennens 71
4.2.4.1 Single variable TEETESSIONS ......ccvcurrreerrriireeriiieeereireeeessrreesserreesssnsreesssssseeesnnnses 71
4.2.4.2 Multiple iN€ar TEEIESSIONS .......cccurrreerriiireeriirreersireeesnrreeessereeesssnsreesssssseeessnnnns 71

4.3 RESUILS. ..eiiiiiiiee ettt ettt ettt e ettt e e ettt e e sttt e e e e ttaee e e atseeeeantsaee e e ssbeee e nsbaeeeenraeeeeannreeeans 72
4.3.1 Observed traer slowdown in Wilket Creek..........occcvvivriiiiiiniiiiiiiieeeciee e 72
4.3.2 Critical shear stress Calibration............cc.vvevrciiieersiiiieeeriiie e eerreeeereeeeeeeeeeeeeenees 74
4.3.3 Regression MOAEIS .........oeereiiieeiiiiire ettt et e et te e eiree e e tree e e eerreeeentaeeeeennseeeeennees 76
4.4 DISCUSSION ...vvvreeiiiteeesitieeeestrteessatseeeeasssseeesasseeesssssseesasssseesssnssseesssssseesssssseeessssseesssssseeesnns 82
4.5 CONCIUSIONS ...eeieiiiiieeeiiiiee ettt e eseiteeessttteesstteeeessasaeeessssseeesanssseesasssseesssnssaeessnssseessnsseessnns 85
TIANSIEION Cuirieiiiiiee ettt et e ettt e e ettt e e ettt e e e ttaeee s atseeessnssaeeeansseeessssaeesanssseesannsseesssnssaeessnnsseens 86

Chapter 5: Bedload Transport and Channel Morphology of a Constructed Pool-Riffle Restoration

g (o) 15 APPSR 87
5.1 TIETOAUCHION ...ttt ettt ettt et e et e sttt e st e ebe e e sabeeeaneeeennee 87

5.2 METROMS. ...ttt ettt ettt et et e ettt et e bt e ebe e et e e 90
BTN B 1 16 | 83 L T PP 90

5.2.2 WaALET LEVEL ..ot et 92

5.2.3 Bedload sediment traCKing ..........c..eeeeeouvireeriiiieeiriiiieeeeiieeeesiieeeesireeessseneeeessnnneeesennnns 93

5.2.4 Bedload transport analySiS.........cc.ueeeereurireeriiiieeriiieeeriireeessreeeeesereeeesereeeeesnseeesnnnnes 95

5.2.5 MOTPhOlOZICAl SUIVEYS....cuvviiieiiiiireeeiiieeesiiteeesiieeeeetieeeeessaeeeessssaeessnsaeeesnnsseessnnnnns 95



5.3 R ESUIES ettt ettt e e et ettt e aae ettt ——————aaaaa 96

5.3.1 SHEAT SLIESS ..uuvvireeiiiiieeeeiiteeeeitteeeetteeeestteeeeststeeeasnsaeeesansseeeesnssaeesassssaeesssseeessnssneens 96

5.3.2 Bedload tranSPOTt ........ccecviireiiiiieeeriieeeeeiieeeeeirteeesrrteeestteeeeetnaeeeenntraeeeentraeeeenraeens 98

5.3.2.1 Event-scale tracer dyNamiCs...........cccuurerriurireeriiieeersiiieeeeniieeesssnnreessssneeesnsneeenns 98

5.3.2.2 Long-term tracer AyNamiCS .........ceereurrreerrrreeerniieeeenrrreeessinreeessssneesssssseeeessseees 100

5.3.3 MOTPROAYNAMICS. ... .ceeeiiiiireiriiiieeeeiieeeeeiteeeeetteeeeestbaeeessnraeeessnsaeeesansseeessnssaeessssseeens 104

5.4 DISCUSSION .eueiviireeeiiieeesititeeesttteeeettaeessetaeeeasssseeesanssaeesanssseesasssseessassseessnssseessnsseeesnnsses 108

5.5 CONCIUSIONS .....vviieeiiiiieeeiiieeeeeitte e ettt e e seitteeeesttteessasaeeeassseeessssseeesanssaeeesnssseeesnnsseeessnssns 110
TranSItiON D .o.oiiiiieiiiiiee ettt e e ettt e e ettt e e e ettt e e et e e e ettt ee e e ntbaeeeantnaeeeanraeens 112

Chapter 6: New Synthetic Radio Frequency Identification (RFID) Tracer Stone for Burial Depth

ESTIMAION . ...ttt ettt ettt ettt ettt e et e sttt e bt e e bt e et e e at e ebeeeeatee e 113
6.1 TNETOAUCHION ..eitieiiiit ettt ettt et e et e sttt e st e et eesbeeeeaeeeenee 113

6.2 SYNthetic StONE AESIZN.....uuviireiiiiireeiiiieeeeiieeeeriiteeeeirreeesserreeeesstseeesssssaeeeennsseeeesnsseeessnnnes 115
(T B o5 (0110 ' o T TSP PPPR PP 116

O 5 (01101 0TI USSR PRPR PP 117

6.3 Performance and durability tEStS........uuuierrriiireiiiiiee e eeiiee e e e e e e e e e e e e 119

0.4 CONCIUSIONS ..ttt ettt ettt ettt ettt et e e bt e sttt e sateeebee e sttt eaabeeebteesabaeenneeeennee 121
Chapter 7: General CONCIUSIONS .........viieiriiireeriiiieeieiiteeeeiteeeesstreeeesbaeeesssaeeesssseeesssssseesssssseeenns 122
7.1 Summary of results and CONtITDULIONS...........eierriiireiriiiee e eiiee e e e e eeeee e e 122

7.2 Revisiting the urban stream SyNdrome.............cccvereeriiieeerriiiieeeniieeeerreeeeesneeeeereeeeeeeens 124

7.2 FULUIE TESCATCH. ...ccutiiiiiiii ittt ettt ettt e sttt e bt e e st e e saeee e 125
RETETEIICES ...ttt ettt ettt e sttt et e e bt e st e e aae e e sbeeesateeeneee 128
F N 070153 16 SRS PUUSPP 143



List of Figures

Figure 2.1. Conceptual hydrograph showing the distinction between ‘event volume’ and ‘event
volume only exceeding bankfull’. From Annable et al. (2012)........cccoooiiiiiiiiiiiiniiiiieeeeee, 7

Figure 2.2. Visual representation of the Lane (1955) relationship. From Rosgen (1996)..................... 9

Figure 2.3. Classic Simon and Hupp (1986) channel evolution model. From Simon and Rinaldi
(2000).c.. ettt b ettt ettt et b e eae et eaeene s 10

Figure 2.4. CEM model in response to urbanization in a small semi-alluvial river. From Bevan et al.
(2018t et et 11

Figure 2.5. Comparison of measured pre-development and post-development hydrographs and
modelled peak control and erosion control SWM hydrographs. From Bledsoe (2002) .............. 16

Figure 2.6. Fractional transport rates of various sized particles from a mixed-size bed. From Wilcock
ANA MCATACIL (1993) ittt ettt e et e e ettt e e et aeesetsaeeesnsseeeennsseeesannses 19

Figure 2.7. Relationship of scaled tracer travel length (L*) and scaled grain size (D*). From Vazquez-
Tarrio €t al. (2019).....uiiieieiiie ettt ettt e e et re e e et b be e e e ttaeeeetraaeeennnraeeens 21

Figure 2.9. Relationship between travel distance of particles and morphology. From Pyrce and
ASNMOTE (2003D)...0iiiiiiiieiiiiiee ettt et te et te e ettt e e sttteeessabaeeessnsseeeessssaeeeassaeesanssaeeesnssseeenns 23

Figure 2.9. Example of exposed till layer in two rivers in Southern Ontario, Canada. From Pike et al.
(2018t et et 26

Figure 2.10. Theoretical detection ranges for PIT tags based on transponder orientation relative to the
antenna. From Chapuis et al. (2014)....c...oiiiiiiiiiiiie et 28

Figure 3.1. Location of study sites representing three watershed conditions: undeveloped
(Ganastekaigon Creek), urban with no SWM (Wilket Creek), and urban with SWM
(MLOTTUINEZSIAR). ...t e eevireeeiiiteeeetiee e eeitee e eettaee e e ntteeessasaaeeessssaeeesnssaeeessnssaeesanssseesannsaeessnnssneesnnssns 33

Figure 3.2. Surface grain distributions of the study sites. The size classess of the Dso, D7s, and Dy are
highlighted 1N GIEY......uviiiiiiiei ittt e e et re e e etbbee e e ttaeesensaeesenssseeannns 34

Figure 3.3. Map of study reaches shoring morphological units and photo of (a): Ganatsekaigon Creek,
(b): Wilket Creek, and (c): Morningside Creek. Morphological units were based on visual field

assessment following Montgomery & Buffington (1997) .........cccocvvvviiiviiniiiieeeiiie e 36
Figure 3.4. Examples of typical hydrographs in each study stream..............ccccoeeieniiiiniinnnieenienene 37
Figure 3.5. Boxplot of tracer b-axis diameters in each of the three tracer size classes. Numbers above

each boxplot are the number of tracers in that size class..........cccoeviiiiiiiiiiiinii i 39
Figure 3.6. Cumulative distribution curves of shear stresses exceeding the T pgg.....ccovverrevveeerennnenn. 45

Figure 3.7. DODs between 2016 and 2018 in (a): Ganatsekaigon Creek, (b): Wilket Creek, and (c):
MOTNINGSIAC CTEEK .....vvveeiiiiieeiiiieeeeiieeeeeitte e ettt e e ettt ee e e tteeeestsaeeesssaeessenssaeessssaeesenssseeenns 46

X1



Figure 3.8. Fraction of entire tracer population that moved each recovery (f,,) by excess shear stress
expressed as a ratio of the peak shear stress to the critical shear stress of the Dso ........ccocueeeneee. 47

Figure 3.9 Mobility over the entire study period for each tracer size class .........ccocceeeveerinieenninennnen. 48

Figure 3.10. Mobility by tracer size class for recoveries with (a): f;,, = 0.05, (b): f;, = 0.13, (¢): fin =
0.40, and (c): the largest f;,, at each stream (= 0.45)......cccciviriiriiiiieiiiiie e 49

Figure 3.11. Exceedance probability (P.x) distributions of tracer stone travel lengths (1) with fitted
exponential distributions and standard errors (SE)........cccccvviiviiiiiiniiiie e 50

Figure 3.12. Exceedance probability distributions of tracer stones separated by size class and for
events with (a): f, = 0.05, (b): f;, = 0.13, (¢): fin = 0.40, and (c): the largest f,,, at each stream

(20145 ettt ettt ettt 51
Figure 3.13. Density histograms of tracer travel lengths scaled by the mean channel width .............. 52
Figure 3.14. Overall virtual velocity of tracers by normalized SiZe ...........c.coecvvireerciiireeniiiiieeiniieeeens 53

Figure 3.15. Scaled mean travel lengths compared to the Church & Hassan (1992) relation (CH92),
and the relation from Vazquez-Tarrio et al., (20218) ....cooiiiiiiiiiiiiiiiieie e, 54

Figure 3.16. Scaled mean travel length versus peak excess unit stream power for channels in this
study, Mimico Creek (Plumb et al., 2017), the Erlenbach (Schneider et al., 2014), Rio Cordon
(Lenzi, 2004), Carnation Creek (Haschenburger & Church, 1998), the Lienbach (Gintz et al.,
1996), and the Berwinne and Ansie rivers (Houbrechts et al., 2012). The arithmetic mean (rather
than the geometric mean) of the tracer travel lengths was used in this figure...........cc.ccccevueeenne 55

Figure 4.1. Conceptual figure of flow metric calculations. Y-axis can represent any flow variable (e.g.
discharge, velocity, shear stress, shear velocity etc.). Cumulative parameters are equal to the area
under the hydrograph curve that exceeds the threshold for tracer mobilization (shown in grey). 69

Figure 4.2. Tracer slowdown in Wilket Creek shown through regression models of f;, L;, and L;

versus (a): peak shear stress (7,,), and (b): the specific bedload transport rate (qp)...........coev...... 73
Figure 4.3. Calibration of T,; using regressions of the L; of the tracer particles in each size class for

(a): Ganatsekaigon Creek, (b): Wilket Creek, and (c): Morningside CreeK.............ccccvveeennnneen. 75
Figure 4.4. Calibration of the hiding function (Equation 5.4) using the T/ .......ccecvevveievievieiieieennnn. 76

Figure 4.5. Strongest single variable regression for (a): mobility (f;,;), (b): mean travel length (L;),
and (c): weighted travel 1ength (L;) .......coeveveeieieeeeeeeeeeeee e 77

Figure 4.6. (a): Strongest single regression model for all study streams combined for (a): mobility
(fmi), (b): mean travel length (L;), (c): weighted mean travel length (L;), (d): the mean travel
length scaled by the mean channel width (B), and (e): the weighted mean travel length scaled by
the mean channel Width..............ocooiiiiiiii e 79

Figure 4.7. Correlation matrix of calculated flow metrics showing multicollinearity ........................ 81

Figure 5.1. (a): Map of the study reaches, (b): photo at the upstream end of the unrestored, and (c):
photo of the restored reach at cross-section 13..........ccccoviiiiiiiiireiiiiiee e eieer e e eieee e 91

X11



Figure 5.2. (a): Grain size distribution of study reaches and tracers and (b): boxplots of tracer b-axis
diameters within each tracer size class for each seeded reach and tracer wave. Numbers above
each boxplot report the total number of tracers in that size class. Pre-construction grain size
distribution of restored reach and riffle design grain size distribution is from Parish Geomorphic
(20T L)ttt et e 92

Figure 5.3. Exceedance probability of events exceeding the critical shear stress of the sediment supply
Dso (5-6 y) size class in reach. Vertical dotted lines indicate the critical shear stress of the
sediment supply D75 (6-7 y) and Do (8-9 ) size classes in the respective reaches................... 98

Figure 5.4. Event-based (a): f,, (b): L, and (c): L of the entire tracer population in the un-restored and
restored reaches of WilKet Creek .........cooiiiiiiiiiiiiiiiii e 99

Figure 5.5. Difference between the un-restored and restored reach of event-based (f; x L;) by peak
event discharge. Dotted red line indicates the top-pf-bank discharge in the un-restored reach 100

Figure 5.6. Fraction of stones in Wave 1 and Wave 2 that were mobile over the entire duration of the
study separated DY SIZ€ CLaSS .......uiieiciiieiiiiiiee ettt eeiree e et e e et e e e treeeeenrraeeennnraeeeans 101

Figure 5.7. Tracer travel length distributions of mobile tracers over the entire duration of the study of
(a): the entire tracer population, (b): tracers in the 5—6  size class (c): tracers in the 67 s size

class, and (d): tracers in the 7—8 W SIZ€ ClasS .....c.uvveeriiiiieieiiire et reee e 102
Figure 5.8. Virtual velocity of the first and second wave of tracers by normalized size .................. 103
Figure 5.9. Paths of tracers under different conditions, and the evolution of cross sections............. 105

Figure 5.10. Overall changes in cross sections between 2013 and 2018 showing (a): net change in
cross-sectional area, (b): net change in cross-sectional area of the left and right half of the cross
section, (c): lateral change in thalweg position, and (d): vertical change in thalweg position.
Shaded blue areas indicate pool locations. Dotted vertical lines indicate the up- and down-stream

limits of the constructed channel.............ccoouiiiiiiiiiii e 107
Figure 5.11. (a): Cross-section surveys plotted from left bank (LB) to right bank (RB), and (b): field

photos of XS-18 and XS-19. Arrows indicate the direction of flow .........ccccceeviiiiiiniinnnnn. 108
Figure 6.1. Conceptual design of the synthetic tracer Stone...........cocceeeriiierieeiiiieniie e 115

Figure 6.2. Procedure for the first “Wobblestone’ prototype assembly: (a) weighted inner ball, (b)
silicone mould for outer shell cut in half, (c) creation of the outer shell cavity, and (d) inner ball
within outer shell with TubTICANt............oociiiiiiiii e 117

Figure 6.3. Procedure for the second ‘Wobblestone’ prototype assembly: (a) design drawings of
plastic injection parts, (b) injection mould, and (c) completed inner ball.............cccceeveeeennee. 118

Figure 6.4. Results of the performance tests showing the detection zone shapes of horizontal and
vertical RFID tags, and both ‘Wobblestone’ prototypes. Scale is in centimeters (cm) ............. 120

Figure 6.5. Results of the burial depth tests. Error bars represent one standard deviation of repeated
INEASULIEITICIIES .....eeeeiitteeeeitttee ettt e e ettt e e sttt e e sttt e e e aabtteeeeabeeeeesmteeeesabteeeeaabbeeeesantaeeesamneeeenans 121



List of Tables

Table 2.1. Summary of consistently and inconsistently observed changes in the hydrology,
geomorphology, water quality and ecology of urban rives. Modified from Walsh et al. (2005)...5

Table 3.1. Study creek characteristics and study reach mean channel dimensions.........c....ccceceeeneee. 34

Table 3.2. Summary of frequency, magnitude and duration of flow events over the duration of the

Table 3.3. Summary of differences in hydrology, channel morphology, and coarse bedload transport
dynamics. The rural semi-alluvial stream is compared to alluvial gravel-bed rivers. The urban
with no SWM and urban with SWM are compared to the rural stream. NC = no change........... 57

Table 4.1. Formulas of flow metrics used in this study. Cumulative flow metrics are in the form of
¥pt e (F)At, where E; denotes each mobilizing event, £, and ¢, denote the start and end of each
mobilizing event, respectively, and (F) is listed in the table. B is the channel bed width, and the
subscript ‘ci’ denotes the threshold for mobilization of size class i ..........ccccevevvcvireerciieeennnen.. 68

Table 4.2. Best model fit, calibrated 75, values, and regression R? determined using f;,;, L;, and L;

Table 4.3. Flow metric, RSE and R? of strongest multiple linear regressions performed on all streams
L1 T<(511 1 2 PSPPSR 82

Table 5.1. Summary of critical shear stresses and mobilizing events in the Wilket Creek reaches and
1N GaNAtSEKAIZON CTEEK ........iiiiiiiiiiiieitie ettt et e st et e et e st eenaeeas 97

X1V



Abbreviation
AIC
CDI
CEDSS
CEQ
CESP
CESS
CEV
CI
DA
DEM
DOD
FDX
GPS
HDX
LID
PIT
RFID
RSE
SE
SWM
TIN
TE
TOB
VIF
WI

List of Abbreviations

Description

Akaike information criterion
cumulative dimensionless impulse (-)
cumulative excess dimensionless shear stress (-)
cumulative excess discharge (m?)
cumulative excess stream power (N/m)
cumulative excess stream power (Pa-s)
cumulative excess velocity (m)
cumulative impulse (m)

drainage area

digital elevation model

DEM of difference

full-duplex

global positioning system

half-duplex

low impact development

passive integrated transponder

radio frequency identification

residual standard error

standard error

stormwater management

triangular interpolation network

time of exceedance (h)

top of bank

variance inflation factor

work index (J/m?)

XV



List of Symbols

Symbol Description

A cross-sectional area (m?)

B mean channel bed width (m)

Clys 95% confidence interval

D; b-axis diameter of the i percentile particle size (m)

E; i™ mobilizing event in recovery period

Fn fraction of all tracers that moved over the entire duration of the study

Foi fraction of tracers in size class i that moved over the entire duration of the study
fn fraction of all tracers that moved over a given recovery period

fmi fraction of tracers in size class i that moved over a given recovery period

gravitational acceleration (m/s?)

mean water depth (m)

h.i critical flow depth to mobilize size class i (m)

kg roughness parameter (-)

L geometric mean travel length of all tracers (m)

L; geometric mean travel length of tracers in size class i (m)

L weighted mean travel length of all tracers (m)

L; weighted mean travel length of tracers in size class i (m)

n total number of tracers that moved since previous recovery

m; total number of tracers in size class i that moved since previous recovery
n number of tracers found in both given recovery and previous recovery

n; number of tracers in size class i found in both given recovery and previous recovery
P wetted perimeter (m)

Py probability of exceedance

Q flow discharge (m?/s)

Qp bedload transport rate (m*)

Q. critical discharge to mobilize size class i (m?/s)

Qp peak discharge (m?/s)

qp specific bedload transport rate (m?)

Ry hydraulic radius (m)

XV1



Pearson correlation coefficient

mean bed slope (-)

start time of mobilizing event

end time of mobilizing event

shear velocity (m/s)

critical shear velocity to mobilize size class i (m/s)
mean flow velocity (m/s)

critical flow velocity to mobilize size class i (m/s)
tracer travel length (m)

mass density of water (kg/m°)

mass density of tracer stones (kg/m?)

confidence interval

standard deviation

shear stress (Pa)

critical shear stress to mobilize size class i (Pa)

dimensionless critical shear stress to mobilize size class i (-)

peak dimensionless critical shear stress (-)
phi class (=log, D;)

psi class (=— ¢)

cumulative excess energy expenditure (N)

specific stream power (N/m)

critical stream power to mobilize the i size class (N/m)

peak stream power (N/m)

peak dimensionless stream power (-)

XVil



Totouoiot toiory avroiory éufaivovory, Etepo kol Etepa Boata Emppel.
On those who enter the same rivers, ever different waters flow.

— Heraclitus (535475 BC)

XViil



Chapter 1

Introduction

Urbanization is a global trend, with an increasing proportion of the world population living in urban
areas (Chin, 2006; Chin et al., 2013; Poff et al., 2006). The process of converting natural or
agricultural land to urban use involves substantial modifications to the landscape that in turn alter
biophysical processes. Fluvial systems are particularly vulnerable to land-use changes due to their
position within the landscape (Walsh et al., 2005), and river systems are more drastically affected by
urbanization than any other human activity (Chin et al., 2013). Urbanizing watersheds experience
changes such as the replacement of natural land cover with impermeable surfaces, direct
modifications to rivers (e.g. channelization and straightening), and the introduction of drainage
networks and flood control infrastructure (Chin et al., 2013). These modifications alter the
hydrologic, geomorphologic, chemical, and ecological processes of rivers (Ladson et al., 20006),
resulting in rapid shifts in channel structure, changes in flood characteristics, and deterioration of
river ecology. The degradation of urban river systems is so ubiquitous that consistently observed
responses to urbanization have been collectively named the ‘urban stream syndrome’ (Walsh et al.,
2005).

Urban river management increasingly focuses on treating symptoms of the urban stream
syndrome (Bernhardt et al., 2007). The goals of urban river management are twofold: firstly,
management projects aim to address the needs of urban development, such as effective stormwater
management and erosion control. Second, projects treating degrading urban rivers attempt to shift the
ecological conditions of the streams to more closely match those of un-urbanized streams (Palmer and
Bernhardt, 2006; Walsh et al., 2005). Management strategies are focused either on stressors at the
local stream scale, such as constructing artificial habitat structures or introducing woody debris, or
through changes in the watershed-scale hydrology, such as stormwater retention ponds (Ladson et al.,
2006). However, although the science of river systems from both a physical and ecological standpoint
has advanced significantly, tools to successfully translate the knowledge to strategies that address
management goals remain inadequate (MacVicar et al., 2015; Wohl et al., 2015b; Wilcock, 2012).
Consequently, the ecological deterioration of urban rivers persists (Violin et al., 2011).

Our understanding of how urbanization and current river management strategies affect urban
streams remains largely through studies aimed at effects rather than processes. A substantial body of

literature focuses on changes in river dimensions or ecological markers pre- and post-watershed

1



urbanization or channel modification (Chin, 2006; Gregory et al., 1992; Hawley et al., 2013), while
much less is known about the mechanisms that drive these changes (Downs & Piégay, 2019; Wilcock,
2012). Bedload sediment transport is an important geomorphic process that links hydrology, channel
morphology, and ecology (Hawley & Vietz, 2016; Wohl et al., 2015a). Despite its importance,
bedload sediment transport is often neglected in current urbanization and stream restoration studies
(MacVicar et al., 2015; Shields, 2009). This gap is at least in part due to the lack of data that directly
captures bedload transport in these environments (MacVicar et al., 2015; Russell et al., 2017; Shields,
2009). Consequently, despite consensus on the importance of incorporating geomorphic process into
urban river management (e.g. Grabowski et al., 2014; Newson, 2002; Sear, 1994, Chin & Gregory,
2005), the scientific understanding of how urbanization and current management practices affect
bedload transport remains limited. A process-based understanding of how urbanization and current
river management practices affect bedload transport and its relationship to other river processes is
imperative for improved urban river management (Booth & Jackson, 1997; Hawley et al., 2013; Vietz

et al., 2015; Wohl et al., 2015a).

1.1 Objectives

The goal of this project is to address key gaps in the understanding of bedload sediment dynamics in

the context of watershed urbanization and urban river management. The specific objectives of this

thesis are to answer the following questions:

(1) How do the changes in hydrologic conditions resulting from watershed urbanization and
stormwater management impact the bedload transport dynamics of rivers?

(2) How can bedload transport responses be predicted in rivers with hydrology modified by
urbanization and stormwater management?

(3) How are current river restoration designs impacting bedload sediment transport processes and how

do they relate to the success or failure of these projects?
(4) How can the limitations of current bedload transport monitoring technology be improved?

Addressing these research questions will advance the field of sediment transport, and produce
new tools useful for urban river management. First, answering research questions (1) — (3) will
provide much-needed sediment transport data in urban environments. Second, high resolution
hydrologic and bedload transport data will allow for a new process-based perspective on the effect of

urbanization on river systems through answering question (1). Third, question (2) moves from
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explanatory to predictive abilities to understanding bedload transport in urban rivers. The intent is that
predictive models can be used for improving decisions for urban river management and restoration
and inform evidence-based policy around water. Answering question (3) will lead to
recommendations for improved restoration designs and monitoring techniques that aim to restore
processes. Finally, answering question (4) will provide a new tool to further advance research in the
field of sediment transport and improve project monitoring techniques.

This project is part of a larger collaborative effort to understand the effects of land-use
change on river systems and improve urban river management. Raso (2017) modelled the effects of
the SWM infrastructure the hydrology and discharges of a small urban stream that is also used in this
study. A parallel project on the effects of urbanization and river management projects on benthic
macroinvertebrates is being conducted on overlapping study sites through the School of Environment,
Resources and Sustainability at the University of Waterloo. Related studies of the effects of wood and
the dynamics of semi-alluvial cover development are being done through the Department of
Geography at Western University. These complementary studies focus on the same field sites and
locations as this study, allowing for direct comparison and linking of different river processes.
Recommendations for improved urban river management strategies informed on the results of this
collaborative effort can help move river management towards adaptive management. Adaptive
management strategies can be successful for river management because they allow for modifications
to occur as the dynamics of the river system change, rather than be fixed in time. Such
interdisciplinary perspectives are crucial for effective for the successful management of urban river

systems (Wohl et al., 2005).

1.2 Thesis organization

This thesis is organized into chapters that address each of the research questioned outlined above.
Each chapter is written as a stand-alone manuscript that either been already, or will be in the future,
submitted for publication in scientific journals. Modifications to the original manuscripts have been
done to minimize the repetition of methods sections between chapters, although some repetition exists
to keep the logical flow of the Chapters intact. Transition paragraphs between chapters 3 — 6 are

included to provide links between topics.

Chapter 2 provides a literature review of important background information on urban hydrology and
geomorphology, river management, bedload transport theory, and bedload monitoring

technology.



Chapter 3 focuses on research question (1). Bedload transport is monitored in three streams with
different hydrologic settings (rural, urban with no SWM, and urban with SWM) to describe
differences in the grain-scale bedload transport dynamics of the systems and assess whether
they can explain differences in the channel evolution of each stream. Recommendations for

improved urban river management strategies are discussed.

Chapter 4 focuses on research question (2). Bedload transport data collected from tracers in Chapter 4
are used to build predictive models of tracer displacement from hydrographs. The calibration
and performance of these models are examined, and their implications to urban river

management are presented.

Chapter 5 focuses on research question (3). Bedload transport and morphologic change are monitored
in adjacent restored and un-resorted reaches of an urban stream to explore how the designed
riffle-pool channel affects the bedload transport dynamics and its relationship to channel
morphology. Implications for assessing project ‘success’ from a process-based perspective

are presented.

Chapter 6 focuses on research question (4) by introducing a new tracer stone technology for sediment
tracking applications in riverine environments. The design, two prototypes, and results from a

series of performance tests of the new tracer stone are presented.

Chapter 7 summarizes the key conclusions of this thesis and provides directions for future research.



Chapter 2

Literature Review

2.1 The ‘Urban Stream Syndrome’

Rivers are heavily impacted by human activities, including land-use change from urbanization (Chin,

2006; Paul & Meyer, 2001). The position of rivers as low-lying areas of the landscape makes them

particularly vulnerable to impacts associated with land-use change (Bernhardt & Palmer, 2007; Walsh

et al., 2005). In fact, watershed urbanization is a primary driver of hydrologic and geomorphic change

in streams (Hawley & Bledsoe, 2013). Four key features of river systems are impacted by

urbanization: hydrology, geomorphology, water quality and stream ecology (Ladson et al., 2006).

Table 2.1 outlines both the consistently and inconsistently observed responses of these river features

with urbanization (Walsh et al., 2005). This project focuses on bedload transport dynamics in urban

streams making the focus of this literature review the hydrologic and geomorphic responses of

channels to urbanization.

Table 2.1. Summary of consistently and inconsistently observed changes in the hydrology,
geomorphology, water quality and ecology of urban rives. Modified from Walsh et al. (2005).

Feature

Consistent Response

Inconsistent Response

Hydrology

1 Frequency of overland flow
1 Frequency of erosive flow
T Magnitude of peak flow

{ Lag time to peak flow

Baseflow magnitude

Geomorphology

T Channel width

1 Pool depth

T Scour

{ Sinuosity

{ Channel complexity

Sedimentation

Water Quality

1 Nutrients (N, P)
1 Contaminants
T Temperature

Ecology

T Tolerant invertebrates
{ Sensitive invertebrates and fishes
{ Oligotrophic diatoms

Algal biomass
Leaf decomposition
Fish abundance/biomass




The term ‘urban stream syndrome’ was first coined by Meyer et al. (2005) to describe the
consistently observed patterns of degradation in streams draining urban areas (Walsh et al., 2005).
Despite the consistency in observed effects of urbanization on stream hydrology, structure and
ecology, the mechanisms that drive these changes are yet to be fully understood (Downs & Piégay,
2019). This lack of understanding is propagated by the lack of experimental evidence and empirical
data to directly measure mechanisms of change (Walsh et al., 2005). Furthermore, a paradigm shift
from treating the symptoms to treating the causes of the urban stream syndrome is occurring
throughout the literature (Anim et al., 2019b; Beechie et al., 2010; Diaz-Redondo et al., 2018; Elosegi
et al., 2010; Formann et al., 2014; Grabowski et al., 2014; Poppe et al., 2016; Vaughan et al., 2009;
Whipple & Viers, 2019). Successfully restoring the hydrologic and geomorphic processes of rivers
requires further research into the processes that link hydrology, geomorphology and ecology in these

systems (Vietz et al., 2016).

2.2 Urban hydrology

The primary driver of hydrologic change in urban river systems is the increase of impervious land
cover that increases surface runoff and results in a flashier hydrologic regime characterized by short
lag times to peak flows and larger peak flows (Bledsoe & Watson, 2001; Chin, 2006; Konrad et al.,
2005; Ladson et al., 2006; Poff, et al., 2006). Stormwater infrastructure such as gutters, drains, and
storm sewers convey runoff rapidly and efficiently to channels, contributing to the shift towards a
flashier regime (Booth et al., 2004; Hammer, 1972). Watersheds are sensitive to the introduction of
impervious surfaces; increases of 10-20% in watershed imperviousness have been documented to lead
to doubled or tripled peak flows of flows with recurrence of 0.5 — 2 years (Hammer, 1972; Hollis,
1975). Furthermore, the frequency of bankfull or larger flows, as well as the number of shorter
duration events increase with urbanization (Annable et al., 2011; Doyle et al., 2000; Plumb et al.,
2017). Despite these general trends, the magnitude of hydrologic response to urbanization is highly
variable and sensitive to factors such as watershed context, connectivity to floodplains, vegetation,
amongst others (Annable et al., 2011; Bledsoe & Watson, 2001).

The effects of urban development on the flow regime of streams have been primarily
described in terms of simple streamflow metrics that have social significance (e.g. peak discharge, lag
time to peak flow, recession rate etc.) but do not necessarily carry geomorphic or ecological
significance (Konrad et al., 2005). Moreover, given the complexities of river systems, relationships

between urbanization and these simple hydrologic variables are unlikely, and a detailed analysis of
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the entire hydrograph allows for a more complete investigation of the hydrologic changes caused by
urbanization (Booth, 1990). Specifically, since both the frequency and duration of hydrologic events
can have important effects on the channel processes, such parameters can offer more nuanced insights
into the response of rivers to urbanization (Doyle et al., 2000).

A large body of literature aims to characterize hydrologic records and analyze the effects of
land-use changes on both the magnitude and frequency of hydrologic events by distinguishing the
effects of urbanization on high-frequency low-magnitude versus low-frequency, high-magnitude
events. Urban streams have been shown to display low variability in annual maximum flows between
years, as well as shorter durations of high flows (Konrad et al., 2005). It has been consistently shown
that urbanization has the greatest impact on small, frequent events so that the peak flow of small,
frequent events increases by a larger percentage than large infrequent floods (Booth, 1991; Konrad et
al., 2005; McClintock & Harbor, 2013). Furthermore, the frequency of high flows in urban streams is
likely to increase more than the cumulative duration of those flows through the combination of an
increased peak flow and more rapid storm falling limbs (Konrad et al., 2005). Annable et al. (2012)
suggest that the annual cumulative volume of all bankfull or larger events show no difference
between urban and rural catchments (Figure 2.1). However, the annual cumulative volume of flow
only exceeding bankfull discharge was larger in urban streams, suggesting that urban streams convey
more water in flows above bankfull than their rural counterparts (Annable et al., 2012). In a recent
study, Plumb et al. (2017) demonstrated through hydrologic models that watershed urbanization
increased the frequency of flows that exceed the bedload transport threshold, bankfull flow, and

effective flow.

Event 1 Event 2

Event volumes (V)
exceeding bankfull discharge

(Hatched areas exceeding Qbf)

Event volumes (Ve)

(gray areas)
b Eo.szbf \

Q |<—>| ; Threshold for a second

T
l¢—bf T event to be enumerated

¢ Time

& Discharge

in the time series

Figure 2.1. Conceptual hydrograph showing the distinction between ‘event volume’ and ‘event
volume only exceeding bankfull’. From Annable et al. (2012).
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In summary, the effects of urbanization on the hydrology of streams is complicated and
involves both the magnitude and duration of flows. Often, the consequences of the hydromodification
of urban streams does not directly affect engineering designs because such designs are based on large
floods (i.e. 10-year return flood) that are less impacted by urbanization than small events, but these
hydromodifications can have important consequences for channel form and stability (Doyle et al.,
2000). The sensitivity of rivers to changes in small-to-medium magnitude events is further
highlighted by evidence that suggests that the geomorphic significance of these events increases with
urbanization (Plumb et al., 2017). It is therefore important to fully understand how urbanization
modifies events of all magnitudes and the importance of all magnitude events on bedload transport
and stream stability. A review of the literature suggests the need for higher resolution hydrologic data
capable of capturing detailed changes in hydrographs over long periods. Such data can be used to
capture the full extent of hydromodification both at event-scale and at the long timescale, such as

changes to the distribution and duration of flows.

2.3 Channel form and stability

The determinants of channel form have been theorized throughout many decades. Mackin first
introduced the idea of the graded river in 1948, referring to a river that has adjusted its slope to
provide the flow velocity needed to transport the sediment load supplied, given the available
discharge and the prevailing channel characteristics (Mackin, 1948). In other words, a graded river
has self-adjusted over some time to fit the flow and sediment regime provided by the watershed.
Later, Lane (1955) refined the idea by positing that there exists a between sediment supply, sediment
size, discharge and slope, and that a change in one of these factors will lead to channel aggradation or
degradation (Figure 2.2). Streams respond to watershed changes by adjusting their form over time to

satisfy the balance between sediment input and water input.



stream slope

Qs+ Dsp o Qu S

Figure 2.2. Visual representation of the Lane (1955) relationship. From Rosgen (1996).

The combination of a new flow regime and the reduction in sediment supply characteristic of
watershed urbanization leads to an imbalance in the river system (Bledsoe & Watson, 2000; Booth,
1990; Schumm, 1977). Additionally, direct channel modifications such as straightening also increase
the channel slope (Booth & Fischenich, 2015). Following from the Lane relationship, this imbalance
is expected to lead to channel degradation (Booth & Fischenich, 2015; Simon & Rinaldi, 2006). In
the new urban regime, the amount of sediment readily available for transport during a particular
hydrologic event does not match the ideal input needed to maintain the equilibrium state, leading to
destabilization (Bledsoe & Watson, 2000; Booth, 1990; Chapius et al., 2014; Simon & Rinaldi, 2006).
The increased runoff produced by urbanization coupled with a decline in sediment delivery results in
channel enlargement through incision and bank erosion (Bledsoe, 2002; Booth, 1990; Pizzuto et al.,
2000; Trimble, 1997). Changes to the channel dimensions of urban channels, in turn, affects the
hydraulic forcing on the channel bed. Recent modelling studies of the interplay between hydrologic,
morphologic and hydraulic conditions have revealed the complexity in the links between different
river processes (Anim et al., 2018, 2019a, 2019¢). As shear stress is directly linked to the cross-
sectional geometry of a channel, changes to the channel form will consequently alter how discharge is
translated to the force available to transport bedload. Despite the complexity and feedback
mechanisms present between channel form and hydraulics, these links are important for efforts that

attempt to remediate degraded river systems.

2.3.1 Conceptual models of channel response to urbanization

Several conceptual models of channel morphologic adjustments in response to watershed urbanization

have been developed. Simon and Hupp (1986) developed a six-stage channel evolution model (CEM)
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for channels responding to channel construction and land-use change (Figure 2.3). Stage I represents
the channel before modifications and Stage II represents the channel immediately after the
disturbance that introduces an imbalance between sediment supply, discharge and slope. In Stage I1I,
the channel experiences rapid vertical degradation increased bank heights and steeper bank angles
that lead to failure of the banks near the base of the banks (Simon & Hupp, 1986). Once the critical
shear strength of the channel bank material is reached, the destabilization of the channel banks leads
to channel widening by bank failure (Stage IV). As channel gradients decrease during Stages III and
IV, channel degradation migrates upstream and the channel eventually reaches Stage V, which is
characterized by aggradation (Simon & Hupp, 1986). The establishment of vegetation on the banks
further helps sediment deposition, and the channel gradient continues to decrease through meander
elongation. Finally, the channel reaches a new quasi-equilibrium state (Stage VI) (Simon & Rinaldi,
2006). The Simon and Hupp CEM has been largely adopted both in the interpretation of channel
responses to disturbances and to predictive applications for channel management.
Stage IV. Degradation and

Stage L. Sinuous, Premodified Stage I1. Constructed Stage IIL. Degradation Widening
h<h, h>h,
= terrace

h<h, h<h,
floodplain
I N T r

slumped material

Stage V. A dati d Wideni Stage VI. Quasi Equilibrium
h, = critical bank height h;’]ﬁe ggracation and Widenhng h IF < d
= direction of bank or terrace

bed movement

aggraded material aggraded material

Stages I, IT
primary

cnickpoint Stage I1I
by

precursor _/

knickpoint

Stage IV
$ Stage V

Stage VI

secondal
knickpo{zt

<—aggradation zone | aggraded material

oversteepened reach

Figure 2.3. Simon and Hupp (1986) channel evolution model. From Simon and Rinaldi (2006).

The development of CEM models has largely focused on alluvial channels, while less
emphasis has been placed on non-alluvial channels or channels with human modifications such as
bank stabilization. To address this gap, Booth and Fischenich (2015) expanded the Simon and Hupp
CEM to include a broader range of channel contexts (Figure 2.4). In this model, the Simon and Hupp
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CEM is used as a basis, and various channel contexts and disturbance trajectories are considered,
providing a more comprehensive view of channel evolution for the purpose of channel management.
The models presented by Booth and Fischenich (2013) have not been extensively validated through
field observation in diverse settings. Bevan et al. (2018) used a combination of historical and recent
channel surveys to propose a CEM for a semi-alluvial river in response to urbanization. The study
was focused on a small river whose bed consisted of a thin layer of gravel cover over a highly
erodible compact clay till layer. In the proposed CEM model, channel widening followed by
avulsions at meander bends acts as the primary processes of morphological adjustment (Bevan et al.,
2018) (Figure 2.4). Following the avulsions, the channel deepens following a more typical pattern of

channel enlargement (Bevan et al., 2018).
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Figure 2.4. CEM model in response to urbanization in a small semi-alluvial river. From Bevan et al.
(2018).
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2.3.2 Trends of channel change in response to urbanization

There exists a relationship between increased imperviousness and both channel geometries such as
width, depth and slope, and morphological characteristics such as pool length, riffle length and pool-
riffle ratios. Many studies have demonstrated that urban streams display enlarged channel dimensions
(Bevan et al., 2018; Bledsoe & Watson, 2001; Galster et al., 2008; Gregory et al., 1992; Hawley et al.,
2013; Pizzuto et al., 2000; Trimble, 1997) and reduced channel complexity (Walsh et al., 2005). A
consequence of channel incision disconnection of the channel from its floodplains (Bernhardt and
Palmer, 2007; Booth, 1990; Hammer, 1972; MacVicar et al., 2015; Segura and Booth, 2010). This
disconnection further accelerates the imbalance between increased flow and decreased sediment
supply (Chapuis et al., 2014a), further amplifying the increase in shear stresses and transport capacity
with increasing discharge (Bledsoe and Watson, 2000). This positive feedback mechanism can result
in significant channel enlargement. In one example, Bevan et al. (2018) measured a 75% increase in
channel width and a 50% increase in channel depth of a small semi-alluvial river in Southern Ontario
between a pre-urban survey in 1958 and 2016.Comparable magnitudes of channel enlargement have
been documented elsewhere. For example, Hawley et al. (2013) measured a 47% increase in bankfull
cross-sectional area following urbanization in northern Kentucky, while in North Carolina, O’Driscoll
et al., (2009) found cross-sectional areas were on average 1.78 times greater for urban channels, while
full-channel capacities were 3.4 times greater. In a detailed study, Gregory et al., (1992) found
channel widths were enlarged 2.2 times in urban streams in southern England, and incision depths of
up to 0.4 m were measured.

Some debate exists in the literature over the time it takes for a new quasi-equilibrium state to
be reached and whether a quasi-equilibrium state is at all possible. The answer to these questions
depends heavily on the spatial scale studied and on the time during watershed adjustment that it is
asked (Chin, 2006). Depending on when measurements are conducted during urbanization and
channel evolution, the magnitudes of impacts can be small or large, and direction can change
(aggrading versus eroding). Therefore, the timeframe in which measurements are made must be
carefully examined (Chin, 2006). Timescales for channel enlargement are also variable (several years
to decades) depending on watershed-scale variables such as geology, groundwater interactions and
the rate of urbanization (Chin, 2006). Some studies have demonstrated that urbanized channels can
spontaneously stabilize their banks over 1-2 decades given a constant watershed land use, although
the results are only observed in some channels (Henshaw & Booth, 2000). Some argue that alluvial
channels with limited sediment supply, such as those found in urban environments, are more likely to

experience frequent and extensive bed disturbance not just during their evolution from rural to urban,
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but even after long periods (Konrad et al., 2005). The increase in the frequency of bed disturbances
means that although streams widen and the size of bed material coarsens, responses may be

insufficient to reestablish a new equilibrium (Konrad et al., 2005).

2.4 River management strategies

Management efforts to address the ‘urban stream syndrome’ usually aim to shift the ecological
conditions of the stream closer to that of un-urbanized streams (Walsh et al., 2005). Management of
urban rivers can be summarized in two broad strategies: mitigating negative impacts at the instream
scale through river restoration projects, and mitigating stressors within the watershed that lead to
these negative effects. The second strategy includes changes to hydrology through the introduction of
stormwater management (SWM), or changes to sediment supply (Ladson et al., 2006). Recent studies
using catchment-scale models suggest that the most successful strategies for preserving or improving
the ecological integrity of urban streams likely involved a combination of managing both the channel

form and the hydrology (Anim et al., 2019c).

2.4.1 River restoration

'River restoration' is a term used to describe a large variety of manipulations of streams channels in an
attempt to improve the condition of the river relative to some degraded state (MacVicar et al., 2015).
River restoration is becoming an increasingly common undertaking globally and is a significant
economic activity (Bernhardt et al., 2005; Pasternack, 2013). Instream restoration involves
reconstructing channels or introducing structures to existing channels to recreate a specific
morphology, protect banks, provide grade control, promote flow deflection etc. The main goal of such
activities is to create a channel that mimics a stable channel morphology and provides the needed
aquatic habitat for riverine ecosystems (Niezgoda & Johnson, 2005). Instream structures such as
constructed pools and riffles are popular due to their perceived benefits for both ecology and channel
stability (MacVicar et al., 2015; Wohl et al., 2005; Bernhardt et al., 2005).

A large shortcoming of restoration projects is the strong focus on stability that leads to
designs that do not allow for dynamic river processes to occur. Such strategies go against geomorphic
principles of dynamic equilibrium (Sear, 1994). Thompson (2002) concluded that the rigid nature of
most in-stream structures does not allow them to respond to the long-term dynamic adjustment of the
system and studied cases did not succeed in maintaining the design channel form in the long term

(Thompson, 2002). Furthermore, stream stability alone is not sufficient to improve the ecological
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condition of rivers (Henshaw & Booth, 2000). Rigid river restoration designs are not successful in
improving channel complexity needed for ecological health (Lub et al., 2012). These shortcomings
highlight the need for designing more dynamic instream restoration projects. Much of the challenge in
achieving such designs is that we know little about the sediment dynamics in urban streams and how
restoration affects it (Shields, 2009).

There continue to be many challenges surrounding restoration practices. Firstly, most
restoration projects lack scientific context (Beechie et al., 2010; Pasternack, 2013; Shields, 2009;
Wohl et al., 2005, 2015) and the empirical basis for restoration of urbanized channels is unclear
(Pizzuto et al., 2000). Second, although there is growing acknowledgment of the need to move
towards designs of dynamic systems that can accommodate a wide range of hydrologic conditions
(Annable et al., 2012; Baker et al., 2008; Palmer et al., 2010), methods that would allow for dynamic
designs of rivers are lacking. Finally, there is lack of consideration of key river processes in current
restoration efforts, including sediment dynamics (Beechie et al., 2010; Chapuis et al., 2014a;
Pasternack, 2013; Shields, 2009; Vietz et al., 2015), contributing to failings of river restoration

projects.

2.4.2 Project success and monitoring

Despite the increasing number of river restoration projects, little is known about their effectiveness,
particularly in the long-term (Bernhardt et al., 2005; Palmer & Bernhardt, 2006; Roni et al., 2008). A
large issue is that although there is increasing consensus on the importance of urban river restoration,
no agreement exists on what successful restoration is (Dufour and Piégay, 2009; Palmer et al., 2005).
From a physical standpoint, restoration success/failure is often evaluated by measuring bed
topography or geometry to assess the structural integrity of constructed features (Bouska et al., 2015;
Miller & Kochel, 2009; Roni et al., 2008; Buchanan et al., 2014). Results from monitoring projects
and success/failure measures are difficult to interpret and compare due to the variable length of time it
takes for ‘success’ or ‘failure’ to manifest (Buchanan et al., 2014; Morandi et al., 2014). Furthermore,
sometimes both negative or positive effects of restoration projects manifest that were not part of the
initial design (Buchanan et al., 2014). Some have argued to move away from designs that attempt to
restore stream conditions to their pre-disturbance state and towards a focus on improving the
ecosystem services provided by streams (Dufour & Piégay, 2009; Palmer et al., 2014). These points
highlight the challenges associated with the development of consistency in evaluating the
effectiveness of restoration, particularly the cumulative effects of many small projects (Palmer and

Bernhardt, 2006). Despite these challenges and lack of consensus, sources often cite high failure rates
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of restoration projects (e.g. Booth et al., 2004) and little is known about whether restoration is
successful at restoring ecological function (Palmer et al., 2007).

Contributing to the problem is that most restoration projects do not have adequate monitoring
post-construction. In a survey of 317 restoration projects across the U.S.A., less than 50% of projects
set measurable outcomes for their designs, but two-thirds report project success (Bernhardt et al.,
2007). Although part of this lack of monitoring is due to the challenges associated with restoration
evaluation outlined previously, another main reason for lack of monitoring is reported to be the lack
of resources (time/money) (Bernhardt et al., 2007). When monitoring is undertaken, it is often
ineffective because it misses the potential impacts of rare hydrologic events (Bernhardt et al., 2007;
Miller & Kochel, 2009; Morandi et al., 2014; Shields, 2009). For example, projects are typically
designed for 10 years but often monitored for only 5 (Niezgoda & Johnson, 2005). There is an urgent
need for the development of better monitoring techniques to assess the effects of restoration projects

on sediment transport (Schwartz et al., 2009; Wilcock, 2012).

2.4.3 Stormwater management

The role of flow regimes in sustaining healthy river ecology is increasingly recognized (Poff et al.,
2006). SWM attempts to alter the hydrology of urban streams to reduce adverse effects on river form
and ecology. This management method is, therefore, an attempt to mitigate the root causes of urban
river degradation rather than to fix symptoms of degraded streams (Vietz et al., 2015). The most
common SWM strategy is ‘peak shaving’, which attempts to alter peak flows to match pre-
development magnitudes and is commonly achieved through the use of stormwater detention ponds.
However, management of stormwater often occurs on an ad hoc basis with little consideration of
geomorphic processes (Bledsoe & Watson, 2000; Rohrer & Roesner, 2006; Tillinghast et al., 2011).
Since SWM is usually designed with flood control in mind, it tends to focus on low-
frequency high-duration events rather than the flows that transport most sediment or the duration of
flows (Booth, 1990). The conventional peak-shaving approach typically increases the magnitudes,
durations, and frequency of erosive discharges (Bledsoe, 2002; Bledsoe & Watson, 2001; Nehrke &
Roesner, 2004; Pomeroy et al., 2008; Rohrer & Roesner, 2006). This occurs because often the rate at
which detention ponds release overflow exceeds the critical shear stress of the sediment (Tillinghast
et al., 2012). Studies show that peak shaving of the 2-year return interval flood increase erosion due
to an increase in the sediment transport potential (MacRae, 1997; 1991; McCuen & Molgen, 1988).
Furthermore, SWM ponds trap fine sediment thereby altering the sediment delivery to the stream and

further exacerbating the problem (Baker et al., 2008). Consequently, simply limiting peak flows may
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not be enough to maintain pre-development channel stability levels because the duration of flow can
affect the channel stability as much as the magnitude of flow (Baker et al., 2008). Some studies have
demonstrated that traditional detention ponds lead to morphologic inactivity in downstream reaches
(e.g. Badelt, 1996). Little empirical data exists in streams with peak-shaving SWM to fully assess the
effects of the altered hydrologic regime on bedload transport processes.

As an alternative strategy to peak-shaving approaches, McCuen and Moglen (1988)
suggested ‘erosion control detention’, where SWM is designed so that the cumulative post-
development bedload transport volume does not exceed the volume for 2-year recurrence interval
(Figure 2.5). Erosion control detention has been found to control urbanization-induced erosion, but
that this design comes at a cost: the required detention volume is much larger (Booth & Jackson,
1997). Modelling by Bledsoe (2002) using various bedload transport equations found that that
detention design for erosion control requires a storage volume 61% larger than peak-shaving. More
recently, there has been increasing attention paid to catchment-scale SWM strategies, such as
increasing watershed infiltration rates (Pomeroy et al., 2008; Rohrer & Roesner, 2006), or stormwater
control measures located at or near the runoff source (Amin et al., 2019; Li et al., 2017). Although the
effectiveness of these SWM strategies on reducing bedload transport has been modelled (e.g. Amin et

al., 2019), little empirical evidence to verify its effects on geomorphic processes of streams.
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Figure 2.5. Comparison of measured pre-development and post-development hydrographs and
modelled peak control and erosion control SWM hydrographs. From Bledsoe (2002).
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2.5 Bedload sediment transport

The morphologic adjustments in response to watershed urbanization outlined in Section 2.3 are driven
by the transport of bedload sediment through processes of erosion and deposition. Understanding the
mechanisms by which altered flow regimes and human modifications affect the transport of bedload
sediment can lead to better predictions of the responses of rivers to watershed urbanization. Bedload
transport is also an important river process from an ecological perspective because it provides a link
between hydrologic and biological responses (Booth et al., 2004). Therefore, an improved
understanding of the bedload transport dynamics in urban rivers could improve urban river restoration
and management efforts (Bledsoe & Watson, 2001; Hawley et al., 2013; Vietz et al., 2015).

Historically, sediment transport studies have measured bulk sediment transport rates and
related them to large-scale channel characteristics such as slope, discharge, sediment size and shape,
and sediment budget (Hassan et al., 2013). This approach has led to the development of many bedload
transport equations that calculate bulk bedload transport rates. Bedload transport rate equations are
developed upon the hypothesis of a critical shear stress threshold, beyond which the sediment of a
given size class is entrained from the bed and transported downstream. This idea was first developed
by Shields (1936), who derived a relationship between sediment size and critical shear stress. Bedload
transport formulae such as the Meyer-Peter-Muller (1948) formula assumes the critical shear stress
and uses experimentally-derived empirical constants to relate shear stress to a transport rate. Wilcock
and Crowe (2003) improved the Meyer-Peter-Muller formula to make it applicable to mixed-size
sediment through the introduction of a hiding function. The hiding function takes into consideration
that although small grains have less mass and therefore require less force to entrain, they may become
shielded by larger particles that may be more exposed to the flow (Andrews, 1983; Brayshaw, 1985).
Although useful, these equations do not provide detailed information on the controls of bedload
transport and assume a spatially-uniform transport rate across the bed for a given flow.

Since bulk bedload transport is the cumulative result of the transport of individual particles,
an alternative approach is to study and characterize the movement of individual particles to obtain a
more detailed view of bedload transport processes (Church & Hassan, 1992). Such an approach can
provide insights into the exact controls and spatial variability of bedload transport that can lead to
improvements in predictions of channel adjustments in streams (Haschenburger & Church, 1998;
Hassan et al., 2013). This perspective on bedload dynamics was first introduced by Einstein (1950),
who posited that, given the complexity of the geometry of mixed sediment beds and flow turbulence,
the exact flow for which a given grain will move cannot be known. Rather, only the probability of

entrainment can be calculated based on the sediment characteristics and the flow (Buffington &
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Montgomery, 1997; Paintal, 1971). The distance a grain will travel once entrained is also a random
variable that can be described through probability distributions (Einstein, 1950). Although much of
Einstein’s work remained theoretical and experimental, studies in the field have demonstrated the

validity and usefulness of his framework in understanding bedload transport processes.

2.5.1 Particle mobility

When studying the behaviour of individual particles on the streambed, a useful metric is the mobility
or the fraction of sediment that is entrained and transported during a flood. ‘Partial mobility’ refers to
the condition where only a fraction of the bed is mobile while the remaining particles remain static
(Wilcock & McArdell, 1997). Studies of gravel river beds in both flume and field settings have
demonstrated that the majority of bedload transport occurs under partial mobility, while full mobility,
the condition where all bed particles are mobile, occurs only during the most extreme events (e.g.
Church & Hassan, 2002; Haschenburger & Wilcock, 2003; Wilcock & McArdell, 1997). The
mobility of bed sediment has been shown to be a factor of both the flow conditions, and the particle
size. Bed mobility has been shown in both flume and field studies to increase with flow variables
such as shear stress (Ashworth & Ferguson, 1989; Phillips & Jerolmack, 2014; Wilcock & McArdell,
1997; Wong et al., 2007), peak discharge (Haschenburger & Wilcock, 2003; Papangelakis & Hassan,
2016), and excess stream power (Gintz et al., 1996; Hassan et al., 1992; Lenzi, 2004). The
relationship between sediment mobility and grain size has been the focus of many studies. Although it
is accepted that mobility is a ‘size-selective’ process, the relationship between particle size and
mobility is not simple because non-uniform size mixtures complicate the problem (Church & Hassan,
1992; Yager & Schott, 2013). It has been consistently measured both in lab settings and field studies
that for a given discharge, small particles experience similar mobility values, but larger particles have
rapidly decreasing mobility with grain size (Church & Hassan, 1992; Ferguson & Wathen, 1998;
Lenzi, 2004; Wilcock & McArdell, 1993). Lab experiments have documented that for a given flow
condition, fine sediment up to a certain size experience almost equal transport rates, and the values
quickly collapse for larger particles (Wilcock and McArdell, 1993) (Figure 2.6). Differences in the
mobility of particles of different sizes decreased with increasing flow conditions, approaching a state

of ‘equal mobility’ is approached (Wilcock & McArdell, 1993).
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Figure 2.6. Fractional transport rates of various sized particles from a mixed-size bed. From Wilcock
and McArdell (1993).

2.5.2 Particle travel lengths

The distribution of tracer travel distances has been shown to be positively skewed. Field-based studies
have found that travel distances follow distributions follow exponential or gamma distributions (e.g.
Bradley & Tucker, 2012; Papangelakis & Hassan, 2016), power laws (e.g Liébault et al., 2012) or the
Einstein-Hubbell-Sayre (compound Poisson) distribution (Hubbell & Sayre, 1964). Particle travel
distances, however, do not always fit these distributions, highlighting the complexity of controls on
particle dispersion (Hassan et al., 1991), including channel morphology, tracer burial, and flow
magnitude (Hassan et al., 2013). Distributions of particle travel lengths may also be categorized by
the characteristics of the tail of the distribution as thin-tailed, where the tail collapses quickly, or
heavy-tailed, where the presence of a small number of frontrunners elongates the tail (Hassan et al.,
2013). The determination of thin- very heavy-tailed distributions is important for bedload transport
modelling because the characteristic of the tail determines which types of mathematical models best
describe bedload transport. Classical advection-diffusion models have been used to model the

dispersion of sediment as a diffusion process, but the presence of heavy-tailed travel length
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distributions requires the use of sub- or super-diffusive models must be considered (Ganti et al., 2009;
Hill et al., 2010).

Similar to bed mobility, tracer travel distances increase with increasing flow magnitude.
Mean travel distances have been found to scale as a power law to flow metrics including shear stress
(Wong et al., 2007), excess stream power (Gintz et al., 1996; Schneider et al., 2014), cumulative
excess stream power (Hassan et al., 1992; Lamarre & Roy, 2008; Schneider et al., 2014),
dimensionless peak stream power (Vazquez-Tarrio et al., 2019), and total excess flow energy
expenditure (Haschenburger, 2013; Papangelakis & Hassan, 2016). Phillips et al. (2013) developed a
hydrologic metric based on the time integration of shear velocity for the time the velocity exceeded
the critical value for transport. This variable, named dimensionless impulse, was found to have a
strong correlation with travel distance (Phillips et al., 2013).

The travel distance of bed grains is also influenced by sediment size, and has been
consistently shown to decrease with increasing grain size following a relationship between scaled

distance and scaled grain size developed empirically by Church and Hassan (1992):

L =1.77(1 = log 2135 @2.1)

Lpso Dso

where L is the mean travel distance of particles of size D, and D5, is the median particle size class.
Although this relationship has been confirmed by a large number of other particle tracking studies
(Ferguson & Wathen, 1998; Habersack, 2001; Lenzi, 2004; Liedermann et al., 2013; MacVicar &
Roy, 2011; Schneider et al., 2014), it is not universally found in all settings, and large scatter in the
data exists, further demonstrating the complex controls on bedload transport listed previously (Figure
2.7). For example, larger particles have been documented to travel further distances if the channel
slope is steep enough and for particular sediment size mixtures (Hill et al., 2010; Solari & Parker,
2000). Furthermore, equation (2.1) is applicable only where the largest size fractions are only
partially mobile (Wilcock, 1997), while different relationships have been found for unconstrained
sediment (MacVicar & Roy, 2011). More recently, researchers have compiled data from several
studies to propose a modified relationship to better fit the data across a larger range of settings

(Vazquez-Tarrio et al., 2019) (Figure 2.7).
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2.5.3 Virtual velocity

The fraction of mobile tracers and their travel distance can be used to scale up the motion of
individual particles on the bed to estimate long-term bedload dispersion and bedload transport rates
(Wilcock, 1997). ‘Virtual velocity’ is a measure of the average rate of dispersion of sediment in units
of length per time, and has been defined in two ways. The first is the event-based virtual velocity, or
the velocity of bed particles during a given mobilization event, calculated as the mean travel distance
of particles in a given size class, divided by the length of competent flow (Hassan et al., 1992). This
definition of virtual velocity can be used to estimate the bedload flux (or rate) when the depth of the
active layer is known (Brenna et al., 2019; Mao et al., 2017; Haschenburger & Church, 1998;
Wilcock, 1997). Several researchers shown that event-based virtual velocity increases with flow
metrics such as cumulative unit stream power (Hassan et al., 1992), dimensionless peak stream power
(Vazquez-Tarrio et al., 2019), reach average shear stress (Ferguson & Wathen, 1998), and cumulative
shear velocity (Klosch et al., 2017). The effects of grain size on virtual velocity are more complex,
with studies showing event-based virtual velocity to both decrease (Ferguson & Wathen, 1998), and

increase (Milan, 2013b) with grain size. The second definition of virtual velocity is focused on longer
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timescales and is defined as the mean travel distance of particles per year, usually calculated over at
least 2 years (Houbrechts et al., 2015). Although this method cannot be used to directly calculate
bedload transport rates, it is a useful metric for comparing long-term bedload displacement between

systems (Houbrechts et al., 2015).

2.5.4 Bedload dynamics and channel morphology

The relationships between mobility and sediment size are not always straightforward, and partial
mobility rates are not uniform across the bed even during a given flow event (Haschenburger &
Wilcock, 2003; Papangelakis & Hassan, 2016). The lack of spatially-uniform mobility suggests that
sediment size and flow are not the only controls on sediment transport, and bed morphology must also
be important. The idea that morphology plays a role in grain mobility is intuitive; if bedforms are
created and evolve through the processes of bedload transport then they must both influence and, in
turn, depend on individual grain movements. In other words, grains must be displaced in patterns that
lead to the development and maintenance of the bed morphology (Hassan, 1992; Kasprak et al., 2015;
Pyrce & Ashmore, 2003a). Indeed, it has been observed that in cases where flow approaches or
exceeds channel-forming floods travel distances of grains are associated with the length scale of the
dominant bed morphology (Bradley & Tucker, 2012; Chuch & Hassan, 1992; Kasprak et al., 2015;
Lamarre & Roy, 2008; Pyrce & Ashmore 2003b, 2005). Furthermore, the relationship between travel
distances of bedload particles and flow has been shown to differ in reaches with different
morphologies and channel dimensions (e.g. Hassan & Bradley, 2017; Papangelakis & Hassan, 2016;
Vazquez-Tarrio et al., 2019).

Patterns of transport associated with morphology have been linked to morphology evolution
and maintenance. In flume experiments, Pyrce and Ashmore (2003a, 2005) linked preferential areas
of erosion, deposition and storage of individual bedload particles to the growth and evolution of bars.
The distribution of particle travel distances was also shown to evolve as bars formed over time,
further reflecting the feedback relationship between bedload transport and morphology (Figure 2.8)
(Pyrce & Ashmore, 2005, 2003a). Milan et al. (2013a) similarly used patterns of grain displacement
through riffle-pool units to develop a hypothesis for riffle-pool maintenance. These studies highlight
how understanding the relationship between bedload transport at a small scale can allow for better
prediction of channel response and morphological evolution. Such an understanding can, therefore, be
powerful for successful river management and improved restoration design. Very few studies have

explored the relationship of morphology and bedload transport in urban streams, and even fewer in
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the context of restoration and how constructed morphologies constrain or enhance the transport of

bedload sediment.
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Figure 2.8. Relationship between travel distance of particles and morphology. From Pyrce and
Ashmore (2003a).

2.5.5 Bedload transport in urban rivers

Research into the effects of urbanization on rivers predominantly focuses on the effects of varying
degrees of watershed urbanization on channel form, with little consideration of how the altered
hydrologic and sediment supply regimes affect the sediment transport dynamics of urban rivers. The
key process that is responsible for morphologic adjustment in rivers is bedload sediment transport
(Mackenzie et al., 2018), and is, therefore, a key piece in understanding how altered hydrologic
conditions result in morphological adjustments. At the grain scale, alluvial stream channels will
stabilize under flows that persist for a long enough duration, provided there are a sufficient fraction of
immobile particles to cover the bed (Lane, 1955) and a limited upstream supply of mobile particles
(Little & Mayer, 1976). Bed stabilization occurs when during high and long duration flows, small
particles move to more stable positions between larger particles and under eddies along channel
margins. This process eventually exhausts the in-channel supply of sediment available for transport

for that flow, leading to bed armouring and a stable channel (Konrad et al., 2005; Laronne & Carson,
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1976; Yager & Schott, 2013). The consequences of this mechanism for urban streams is that as the
magnitude, frequency and duration of mobilizing flows changes, these flows will be able to entrain
much more of the bed surface and produce high transport rates because there is not sufficient time to
exhaust the in-channel sediment supply available for transport (Reid & Laronne, 1995). Studies using
hydraulic models have demonstrated how shifts in the hydrologic conditions of urban watersheds and
those with SWM change the distribution of hydraulic forces in channels, which result in alterations to
the frequency of bed sediment mobilization (Anim et al., 2018). Although the theory behind the
mechanisms of bedload sediment transport regime shifts resulting from urbanization is well
established, little empirical data exists to describe the bedload transport dynamics of urban rivers.

A recent study in an urban river in Southern Ontario used bedload transport models to
demonstrate an increase of 150% in average bedload yield pre- and post-development that was
attributed to a shift in the frequency and geomorphic significance of flood events (Plumb et al., 2017).
An increase in the bulk sediment yield of rivers in urbanizing watersheds has been measured in a
variety of environments (Russell et al., 2018; Russel et al., 2017), and sediment budgets of urban
rivers been successfully used to investigate historical shifts in sediment transport (Downs et al.,
2018). Few studies apply bedload tracking as a means to measure the bedload transport dynamics of
urban rivers and as a tool to measure the performance of urban stream management strategies. Plumb
et al. (2017) employed bedload tracer stones in an urban stream, showing decreased travel distances
as a result of decreased flood durations. A direct comparison of results to rivers with different levels
of watershed urbanization and SWM remains to be done. MacVicar et al. (2015) studied bedload
transport in a heavily urbanized creek and compared bedload transport dynamics between a restored
and unrestored reach. Results showed that there as a decrease in mobility in the restored reach as
compared to the control reach but only for particles in the Dsy and Dg4 size classes, and not for
particles larger or smaller (MacVicar et al., 2015). Bedload monitoring over longer timescales is
required to verify observed trends, while a better methodological design to improve the statistical
power of the results is needed (MacVicar et al.,, 2015). Furthermore, the complex relationships
between bedload transport and the restored morphology captured by MacVicar et al. (2015) warrant

further investigation.

2.5.6 Bedload transport in semi-alluvial rivers

Much of the bedload transport research in gravel-bed rivers is focused on alluvial rivers, while less
emphasis is placed on semi-alluvial settings. Semi-alluvial rivers are those whose bed cover is

comprised of both alluvial and non-alluvial material, the latter of which can be either bedrock or
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sediment of a different origin. In North America, many semi-alluvial rivers are eroding into glacial
sediments (Ashmore & Church, 2001; Ebisa Fola, 2010; Phillips & Desloges, 2015b; Thayer et al.,
2016). In Southern Ontario in particular, these glacial sediments comprise of dense and compact silt
or clay containing varying amounts of coarse gravel (Sharpe et al., 1997). The lack of high
tomography to introduce colluvial inputs into the channel means that coarse material is sourced
directly from the underlying till layers in (Figure 2.9). These glacially-conditioned semi-alluvial
rivers have unique geomorphic characteristics. The channel profiles of these streams have a
characteristic convex shape that may be scalloped as the channel erodes through different layers of
glacial deposits (Bevan et al., 2018; Thayer et al., 2016). The floodplain morphology has been shown
to be very sensitive to the characteristics of the underlying glacial material (Phillips & Desloges,
2015b), and floodplain materials are relatively thin (Thayer & Ashmore, 2016). Hydraulic geometry
relationships have also shown to differ from those in alluvial gravel-bed rivers, with clay-dominated
semi-alluvial streams having greater width-to-depth ratios than alluvial sand-bed or gravel-bed rivers
(Ebisa Fola & Rennie, 2010). Finally, many of these differences lead to unique distributions of stream
power along the channel networks that are highly dependent on the underlying glacial surficial
geology in the watershed (Phillips & Desloges, 2014).

The semi-alluvial nature of the bed cover of these rivers is also likely to affect the sediment
supply and resulting grain size distribution of these rivers. The high erodibility of the till layers may
be further exacerbated by the presence of the thin gravel cover (Pike et al., 2018). Furthermore, a
higher fraction of fine sediments on the bed may decrease the critical shear stress for gravel
mobilization (Miwa & Parker, 2017; Venditti et al., 2010), thereby altering the bedload transport
dynamics of beds with a wide range of particle sizes. These unique aspects of semi-alluvial rivers
suggest that bedload transport dynamics in these rivers will be different than in alluvial gravel-bed
rivers. The distribution of shear stress, channel morphology, and unique sediment supply regimes of
these rivers are likely to have an effect on the displacement of bed sediment at the grain scale.
However, extensive bedload transport research in semi-alluvial rivers has not been done, and the
bedload transport dynamics of these systems are poorly understood, particularly as it relates to the

morphology and evolution of these systems.
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Figure 2.9. Example of exposed till layer in two rivers in Southern Ontario, Canada. From Pike et al.
(2018).

2.6 Bedload tracking techniques

Throughout the decades, techniques for bedload tracking have advanced from painted sediment to
magnetic tracer stones, and most recently to radio-tracking technologies (Hassan & Ergenzinger,
2005). Radio frequency identification (RFID) tracking technology is becoming increasingly popular
in river research due to advantages such as individualized particle displacement information, low cost,
battery-free and robust nature (Cassel et al., 2016; Lamarre et al., 2005; Tsakiris et al., 2015). RFID
technology has been employed successfully in a large variety of riverine environments (e.g. Bradley
& Tucker, 2012; Hassan et al., 2013; Lamarre et al., 2005; Liébault et al., 2012; Olinde & Johnson,
2015; Schneider et al., 2014). RFID sediment tracking technology requires three components: a
passive integrated transponder (PIT) that emits a unique radio frequency signal when activated
through electromagnetic induction, an antenna that activates the transponder, and a reader that
controls the antenna and receives the emitted signal from the transponder (Tsakiris et al., 2015).
Limitations of current RFID tracking technology for bedload tracking applications are:

1) the assumption that tracer movement can be extrapolated to provide information on the
movement of the entire bed (Hassan & Ergenzinger, 2005)

2) the decrease in data accuracy over time due to burial, tracer breakage or loss of tracers from
the study reach (Ferguson et al., 2002, Haschenburger, 2011; Lamarre & Roy, 2008; Liébault
etal.,2012)

3) the lack of continuous movement information (Hassan & Ergenzinger, 2005; Papangelakis &

Hassan, 2016)
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4) limitations on sediment sizes that can be embedded with a PIT tag and therefore monitored
using RFID technology

5) errors associated with detection ranges including burial, tag orientation, and tag clustering
(Cassel et al., 2016; Chapuis et al., 2014b)

6) the lack of information on vertical tracer position (i.e. burial) (Haschenburger, 2011; Hassan

& Ergenzinger, 2005; Tsakiris et al., 2015).

Limitations (1) - (3) are fundamental limitations of tracer methodologies and are difficult to
correct through improvements to the RFID tracking technique. Recovery rates of tracer stones using
RFID tracking are high and remain above 80% per recovery even over long timescales (Ferguson et
al., 2002; Haschenburger, 2013; Papangelakis & Hassan, 2016). However, over long timescales
particles become trapped and reworked into less active parts of the channel, meaning data from
tracers may no longer reflect the sediment dynamics of the entire bed (Ferguson et al., 2002). Broken
tracers or those transported out of the study reach also reduce recovery rates of tracers over the course
of long studies (Lamarre et al., 2005; Liébault et al., 2012). Finally, no information can be gathered
about the precise movements of particles (i.e. when they moved and how far) in between recoveries
(Hassan & Ergenzinger, 2005). Since multiple mobilizing events may occur between recoveries, this
gap can cause further complexities in data processing and analysis (Papangelakis & Hassan, 2016).
To address limitation (4), fabricated stones have allowed for the creation of the minimum size of
tracer particles possible given a PIT tag size, and have shown success in application (e.g. Cassel et al.,
2016; Eaton et al., 2008). The lack of transport data of smaller size classes can be supplemented with
bulk sediment measurements (e.g. Plumb et al., 2017). These limitations should be considered in the
analysis and conclusions drawn from studies that rely on it. Careful attention should be paid to sample
sizes and seeding strategies to maximize the ability of the sediment tracking to capture sediment
dynamics (Ferguson & Hoey, 2002; MacVicar et al., 2015).

Limitations (5) and (6) are based upon the technology of RFID tracking itself and can be
improved with new methodological advancements. Improvements can come through optimization of
tag detection ranges so that particles may be detected from a larger distance and in a more accurate
spatial location. The main controls on the transponder detection range are the size of the transponder
and the orientation of the transponder relative to the antenna (Chapuis et al., 2014b). Figure 2.10
shows the theoretical detection zones of PIT tags. Ensuring that tags are oriented vertically with
respect to the antenna would, therefore, increase the distance from which a tag can be detected while

minimizing spatial error (Chapuis et al., 2014b). If the orientation of the tag relative to the antenna is
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known, the voltage of the signal can be used to calculate the distance between the tag the antenna
(Tsakiris et al., 2015). An application of such a voltage analysis to field experiments would allow the
determination of burial depths of tracers during recovery and lead to improved understanding of bed

dynamics in addition to more accurate predictions of mobility.

Figure 2.10. Theoretical detection ranges for a 23 mm PIT tag based on transponder orientation
relative to a loop antenna with a 0.5 m detection radius. From Chapuis et al. (2014b).

2.7 Summary of research gaps

The literature presented here highlights research gaps in understanding and remediating the urban
stream syndrome from the perspective of bedload sediment transport. Despite the growing literature
on bedload dynamics, most studies have been conducted in flume or undisturbed river settings. Since
flow, sediment supply, and bed morphology are important controls on bedload transport, it can be
expected that bedload transport dynamics will change in response to urban hydromodification and
both restoration and SWM infrastructure. Nevertheless, bedload dynamics in the urban context
remains a significant research gap, propagated by a lack of bedload sediment transport data in urban
environments (Russell et al., 2017; Shields, 2009), and the opportunity remains to apply bedload
transport theory to urban rivers and those with in-stream restoration and SWM projects. An improved
understanding of the bedload transport dynamics of urban rivers is imperative for improved

management practices and more scientifically grounded SWM and restoration project design with a
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greater probability of positively affecting urban rivers (Pasternack, 2013; Hawley et al., 2013;
Hawley & Vietz, 2016; Vietz et al., 2016). Finally, the unique glacially-conditioned semi-alluvial
nature of rivers in Southern Ontario presents a unique setting in which to explore differences in

bedload transport dynamics in these systems as compared to alluvial gravel-bed rivers.

Transition A

Chapter 3 focuses on answering the second research question of this thesis: How do the altered in
hydrologic conditions resulting from watershed urbanization and stormwater management impact the
bedload transport dynamics of rivers? The aim is to move away from comparative studies that
document trends between channel dimensions and other geomorphological markers between streams
with different land-use scenarios, and towards measuring the processes that drive morphological
responses in urban rivers — bedload transport. Bedload sediment data is scarce, and even more so in
urban environments (Wohl et al., 2015a). Although recent studies have documented or modelled
changes in bulk sediment transport rates in urban rivers (e.g. Russell et al., 2018; Plumb et al., 2017),
few have described the grain-scale dynamics of urban rivers in detail. Plumb et al. (2017) and
MacVicar et al., (2015) employed bedload tracking in urban rivers, but no studies have directly
compared bedload transport dynamics at the grain scale among rivers with different land-use and
SWM characteristics. In Chapter 4 we use a space-for-time substitution to investigate how the grain-
scale bedload transport dynamics change with urbanization and SWM, and whether these differences
can explain the observed morphologic adjustments. The bedload sediment transport regime of three
rivers with different watershed settings is characterized: rural, urban with no SWM, and urban with
SWM. Chapter 3 presents empirical evidence of the effects of watershed urbanization and SWM on
bedload transport and bed morphology, and provides recommendations for process-based urban river

management strategies.
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Chapter 3
Bedload Sediment Transport Regimes of Semi-Alluvial Rivers

Conditioned by Urbanization and Stormwater Management

This chapter is based on the following published manuscript:

Papangelakis, E., MacVicar, B., & Ashmore, P. (2019). Bedload sediment transport regimes of semi-
alluvial rivers conditioned by urbanization and stormwater management. Water Resources
Research.DOI:10.1029/2019WR 025126

Data presented in this chapter can be found at:

Papangelakis, E., MacVicar, B., Ashmore, P. (2019). Bedload sediment transport and morphologic
data in semi-alluvial rivers conditioned by urbanization and stormwater management [Dataset].
https://dx.doi.org/10.20383/101.0172

3.1 Introduction

Watershed urbanization alters the hydrologic and geomorphic processes of rivers (Ladson et al.,
20006), leading to the widespread degradation of urban river ecosystems (Booth et al., 2015; Walsh et
al., 2005). The combination of increased runoff, efficient stormwater systems, and decreased
sediment supply characteristic of urban watersheds results in channel instability and adjustments to
river morphology (Bledsoe & Watson, 2000; Booth, 1990; Simon & Rinaldi, 2006). Consistent trends
between pre- and post- urbanization include channel enlargement through widening and incision
(Bevan et al., 2018; Bledsoe & Watson, 2001; Galster et al., 2008; Gregory et al., 1992; Hawley et al.,
2013; Pizzuto et al., 2000; Trimble, 1997), decreased riffle lengths (Hawley et al., 2013), and bed
coarsening (Chin, 2006; Pizzuto et al., 2000). Stormwater management (SWM) has become
ubiquitous in urban watersheds to combat increased flows from urbanization. The most common
SWM strategy is the ‘peak shaving’ approach, in which retention ponds are used to store excess
runoff and release it over time. This approach successfully reduces flow magnitudes but extends the
duration of erosive discharges (Bledsoe, 2002; Bledsoe & Watson, 2001; Nehrke & Roesner, 2004;
Pomeroy et al., 2008; Rohrer & Roesner, 2006). Although sediment transport is recognized as an
important process in the physical and ecological function of urban rivers (Hawley & Vietz, 2016;

Wohl et al., 2015a), bedload sediment transport in urban settings remains a research gap (Russell et
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al., 2017), pa