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ABSTRACT

EXPERIMENTAL FLUME AND NUMERICAL STUDIES INTO THE INFLUENCE OF

FLOODPLAIN VEGETATION ON RIVER-CORRIDOR HYDRODYNAMIC PROCESSES

The active channel has historically been the primary focus of river hydrodynamic process
studies and river engineering. However, increased global flood risk and awareness of ecosystem
services provided by floodplains has encouraged managers to broaden their perspective beyond
the banks. As water exits and reenters the channel during floods, water, nutrients, and sediment
are exchanged with the floodplain. This flux is heavily influenced by both channel-floodplain
hydrologic connectivity, or the ability of water to access the floodplain, and by floodplain land
cover types. River and hydrologic modifications that result in disconnected floodplains include
channel planform and cross-section geometry alterations, diversions and dams, levees, land cover
change, and river sediment mining. As river managers, land-use managers, and landowners
acknowledge the benefits of functional, laterally connected river corridors, more river restoration
projects are undertaken with a primary goal of reconnecting a river channel to the adjacent
floodplain.

A major component of large river restoration and river engineering projects includes
designing for and predicting future flow scenarios using hydraulic models and other analytical
methods. Developing a hydraulic model for river restoration design relies on the theory and
science of fluvial morphodynamic processes as well as the parameterization of hydraulic
roughness coefficients. Because of the historical emphasis on in-channel processes, the scientific

literature related to channel-floodplain hydrodynamics and floodplain roughness
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parameterization is sparse. Specifically, there are limited studies investigating the influence of
vegetation on channel-floodplain exchange flow, lateral connectivity, and resulting channel
topography.

To address this knowledge gap, I conducted a series of physical and numerical modeling
experiments where floodplain vegetation and flow parameters were varied. In Chapters 2 and 3, I
present the results of flume experiments where I measured bedform topography and the flow
field under varied floodplain vegetation conditions at two overbank flow depths. The
experiments were conducted in a 1-m wide meandering compound channel inset in a 15.4-m
long, 4.9-m wide basin. The channel bed was a mobile sand-and-gravel mixture with a median
sediment size of 3.3 mm, and sediment transport occurred only within the channel. I tested bare
and vegetated floodplain conditions with 2.7-cm diameter rigid emergent vegetation elements at
spacings of 3.0 units m? and 12.1 units m™. My observations of the flow field indicate that high
density vegetation enhances secondary circular flow through the meander bend and reduces
momentum exchange at the channel-floodplain interface. At a low relative depth, flow through
high density vegetation was deflected away from the down-valley direction and forced to reenter
the channel at a steep angle with respect to the channel centerline. However, at a high relative
depth, dense vegetation steered in-channel surface flows more closely following the channel
centerline. These observations shed light on the hydrodynamic processes leading to flood wave
attenuation, enhanced nutrient cycling, and channel altering stresses, and these results may
inform river restoration riparian management best practices.

To investigate bedform response, I performed a moving-window analysis of topographic
surface metrics including skewness, coefficient of variation, and standard deviation, as well as

topographic patch analysis of area and contagion to measure changes in bedform heterogeneity
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as flow depth and vegetation density were varied. My results show that both greater density
vegetation and larger flows can increase bedform topographic heterogeneity. These findings
suggest that floodplain vegetation and natural hydrologic regimes that include overbank flows
can enhance stream habitat complexity. Designing for the effects of established vegetation
conditions and prioritizing floodplain vegetation planting may be useful for river managers
striving to achieve successful biomic river restoration.

Expanding on the observations made in the flume, I explored the ability of a 2D hydraulic
model to predict the effects of vegetation on meandering channel flow dynamics. I used the
TreeLS point cloud processing tool to automatically extract woody floodplain vegetation
characteristics and estimate Manning’s roughness coefficients for vegetation from aerial LiDAR.
I investigated the influence of varied vegetation densities on channel-floodplain exchange flows
in HEC-RAS 2D. I developed hydraulic models for three reaches along the Butokamabetsu River
in the Hokkaido University Uryu Experimental Forest in Northern Japan where each reach had
distinct biogeomorphic characteristics including channel width, slope, sinuosity, and floodplain
vegetation density. I found that in the lower gradient, higher sinuosity reaches, floodplain
vegetation density had more influence on channel-floodplain exchange flow attenuation. These
results highlight the importance of planning for the presence and density of vegetation in river
restoration projects particularly in lower gradient, more sinuous stretches of river.

The results and analysis presented in this dissertation suggest that biological drivers such
as rigid emergent floodplain vegetation play an important role in river form and function
particularly in conjunction with floods that occasionally access the floodplain. These detailed

observations of flow, sediment, and resulting bed morphology as well as analysis of innovative
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remote sensing techniques provide a basis for an improved understanding of morphodynamic

processes in meandering rivers.
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CHAPTER 1: INTRODUCTION

River studies and associated engineering analyses are often conducted with a singular
focus on the active channel commonly defined as the area which will convey a peak discharge
with a 1-to-2-year recurrence interval. These flows have been described as those which are
largely responsible for equilibrium channel form (Andrews, 1980). Rigorous scientific studies of
bankfull form and process extend back over a century and often rely on conceptual models to
qualitatively describe the physical processes that underpin a channel’s geomorphic trajectory
through time and equilibrium states (Langbein & Leopold, 1964). These models typically
account for a channel’s slope, sediment availability, particle size distribution, bank material, and
flow (e.g. Lane, 1955; Schumm et al., 1984). As water flows through a river, it meets resistance
due to bedforms, particle size, channel planform, vegetation, and wood. Of these roughness
elements, vegetation and wood are the least studied and the influence of vegetation on channel
equilibrium and morphology is poorly understood, although they are increasingly seen as
important elements of river corridor hydrodynamic and ecosystem processes (Buffington &
Montgomery, 1999; Gurnell et al., 2002; Nepf, 2012). Even more sparse in the scientific
literature is the study of the cross-section-to-reach-scale hydraulics of floods and floodplain
flows, the influence of floodplain vegetation, and resulting bed morphology.

A channel-centric approach to river hydraulic and geomorphic analysis may neglect other
hydrodynamic interactions that are responsible for maintaining aquatic habitat, influencing
channel form, and promoting riparian resilience (Harvey & Gooseft, 2015; Poft et al., 1997,
Thoms, 2003). In rivers with a high degree of lateral hydrologic connectivity, or the ability of

water to move from the active channel to off-channel environments, ecosystem services such as



flood wave attenuation (Sholtes & Doyle, 2011), nutrient cycling (Baldwin & Mitchell, 2000),
and habitat provisioning (Benke, 2001; Junk et al., 1989) are often enhanced. These services are
commonly identified as river management goals and may be specific desirable outcomes of river
restoration projects. In recent decades, river restoration monitoring and design tools have
progressed significantly allowing practitioners to predict hydraulic conditions under a range of
flows within the active channel. Monitoring and surveying tools have expanded dramatically to
commonly include the use of aerial imagery, LIDAR and handheld GNSS to accurately
characterize the river corridor topographic surface and monitor change. The topographic surface
is often used as the base for computational grids in 1D, 2D, and occasionally 3D numerical
models in river restoration design and analysis. However, accurately surveying or parameterizing
flow resistance due to vegetation, whether live or dead, in river corridors remains very difficult
because: 1. there is a lack of a qualitative framework describing the influence of vegetation on
quasi-equilibrium channel morphodynamics; 2. numerically resolving the hydraulics of flow
through river corridors with vegetation is very complex and computationally expensive; and 3.
there are few tools available that allow practitioners to accurately estimate flow resistance due to
vegetation.

In this dissertation, I present the results of physical and numerical experimental studies
that aim to address the three listed problems above directly and indirectly. I conducted these
experiments with testable hypotheses investigating river processes such as sediment, topography,
and flow within the active channel, as well as floodplain processes which are often strongly tied
to the presence of rigid emergent vegetation.

In Chapters 2 and 3, I describe a series of meandering channel flume experiments that I

conducted at Colorado State University’s Engineering Research Center. The channel was 1-m



wide and inset in a 15.4-m long, 4.9-m wide basin (Figure 1). I simulated flow through the flume
with multiple floodplain vegetation configurations that roughly scale to a medium-sized river 15-
m across with trees similar in diameter to cottonwoods found in the western United States. I
investigated the influence of floodplain vegetation density on the flow field and resulting
sediment transport and bed morphology. The focus of Chapter 2 is the quasi-equilibrium bed
topography that developed during each of seven flume runs. In these experiments I define quasi-
equilibrium as channel topography that is neither aggrading nor incising. I found that greater
floodplain vegetation density produced more topographically complex bedforms. I also found
that at overbank flow sediment transport was greater than at bankfull flow which is distinct from
another flume study investigating meandering channel flows with a mobile bed of sand (Shiono
et al., 2009a, 2009b). This may be a result of the low sinuosity or coarse particles used in this
experiment.

The focus of Chapter 3 is analysis of the flow field that developed during each of the
seven experimental flume runs as well as the influence of vegetation density on channel-
floodplain exchange flow. I analyzed the flow field and identified mechanisms associated with
floodplain vegetation that led to varied secondary flow patterns for all seven flume runs. I also
followed a mass balance approach to quantify flux at the left and right channel banks similar to
methods presented by Czuba et al. (2019) and Stone et al. (2017). I found that the influence of
floodplain vegetation on meandering compound channel flow is highly three-dimensional and
that using a depth-averaged/2D approach to estimate channel forming forces may not fully

capture the influence of 3D flow field.
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Figure 1.1. Meandering channel flume experimental setup described in Chapters 2 and 3. (a)
Photo of flume setup. (b) Mobile bed and sediment feed grain size distribution. (c) Cross section
location in half meander where flow measurements were taken. (d) Low-density vegetation
configuration. (e¢) High-density vegetation configuration.

The results and analysis that emerged from Chapters 2 and 3 prompted further
investigation into the influence of floodplain vegetation in a natural river and the ability of 2D
hydraulic simulations to capture the effects of floodplain vegetation on channel-floodplain

exchange as reported in Chapters 1 and 2. To do this, I explored remote sensing methods using

aerial LIDAR to characterize large woody vegetation in the Butokamabetsu River in Hokkaido,

Japan.
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Figure 1.2. Location of Reaches 1, 2, and 3 where hydrodynamic models were developed in
HEC-RAS 2D

The vegetation classification was then used to parameterize Manning’s n in four

hydrodynamic modeling scenarios in HEC-RAS 2D. In this study, the intended purpose was not



to accurately calibrate Manning’s roughness across the floodplain, but to perform a series of
numerical experimental simulations where I estimate hydraulic roughness due to the large rigid
woody vegetation elements and artificially simulate variations in floodplain vegetation density. |
then measure channel-floodplain connectivity by computing exchange flow at the left and right
banks. In this study, I found that for reaches with higher sinuosity and lower slope, dense
floodplain vegetation has a greater influence on channel-floodplain exchange flow than in
reaches with high slope and low sinuosity. I also found that topographic depressions and side
channels were the primary driver of channel-floodplain exchange flow.

In Chapter 5, I provide a concise summary of the findings presented in Chapters 2

through 4 and highlight the results in the context of river management applications.
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CHAPTER 2: EXPERIMENTAL OBSERVATIONS OF FLOODPLAIN VEGETATION,
BEDFORMS, AND SEDIMENT TRANSPORT INTERACTIONS IN A MEANDERING

CHANNEL®

*A version of this chapter has been published in the Journal of Geophysical Research: Earth Surface:

White, D. C., Morrison, R. R., & Nelson, P. A. (2023). Experimental Observations of Floodplain Vegetation,
Bedforms, and Sediment Transport Interactions in a Meandering Channel. Journal of Geophysical Research: Earth

Surface, 128(9), €2023JF007136. https://doi.org/10.1029/2023JF007136

2.1 Introduction

Floodplains are landforms within river corridors that are hydrologically connected to the
active channel and hyporheic zone via three-dimensional flow paths (Jud Harvey & Goosef,
2015; National Research Council, 2002; von Schiller et al., 2017; Strange et al., 1999) where
biological, physical, and chemical processes, such as the transient transport of nutrients,
sediment, and wood, occur across different spatial and temporal scales (Brooks et al., 2022;
Harvey, 2016; Sawyer & Cardenas, 2012; Tonina & Buffington, 2007; Ward & Packman, 2019;
Wohl, 2017). These processes sustain ecological functions, improve habitat, and provide
regulating, provisioning, and cultural services to nearby communities (Carpenter et al., 2006,
2009). These ecosystem services can improve as river managers address ecosystem degradation
through biomic river and floodplain restoration, which accounts for the importance of biological

drivers in functional river corridors (Johnson et al., 2020).

As water overflows from the channel to the floodplain, it interacts with hydraulically
rough areas of vegetation and other land surface characteristics, resulting in the attenuation of
flood waves (Sholtes & Doyle, 2011), deposition of sediment and wood (Lauer & Parker, 2008;
Wohl, 2020), and cycling of nutrients (Olde Venterink et al., 2006). Floodplain vegetation can
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significantly alter flow velocity, direction, and conveyance (Branf3 & Aberle, 2022; Serra-Llobet
et al., 2022), and the effects of these interactions can be seen in the river channel, where changes
in shear stresses can lead to erosion, sediment deposition, and adjustments in bedforms to
accommodate altered hydraulic conditions. In this study, I define bedforms as large-scale bed

topography which emerge principally as bar-pool features (Montgomery & Buffington, 1997).

Various studies have investigated the effect of varied floodplain vegetation conditions on
geomorphic processes in rivers. In particular, studies have shown that vegetation mechanically
stabilizes banks, thereby influencing channel planform (Braudrick et al., 2009; Ielpi et al., 2022;
Tal & Paola, 2010). For instance, Torok & Parker (2022) found that in channels with fine
particles (Dso <2 mm), increases in floodplain vegetation was positively correlated with channel
width, but they found the reverse for coarse-bedded channels. Conversely, Wieting et al. (2022)
found that channel width increased as invasive floodplain vegetation was removed in sand-
bedded rivers. Bywater-Reyes et al., (2017) measured the geomorphic effect of in-channel and
floodplain vegetation and concluded that riparian vegetation and bedform topography may co-
evolve at a range of scales. However, to my knowledge, no flume or field studies have
investigated the effects of floodplain vegetation on channel processes nor explicitly quantified

bedform response as measured by topographic heterogeneity.

Topographic heterogeneity, or the spatially varied distribution of physical landscape
features, is a characteristic commonly associated with functional riparian ecosystems and
desirable geomorphic processes (Badgley et al., 2017; Williams et al., 2020; Wohl, 2016b,
2016a). Studies have identified correlations between topographic heterogeneity and habitat
suitability (Bellmore & Baxter, 2014; Stoffers et al., 2022), increased biodiversity (Moran-

Ordofiez et al., 2015), and attenuation of biogeochemical fluxes (Gooseff et al., 2007; Westbrook
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et al., 2006). Because of this noted importance of topographic heterogeneity, many tools and
metrics have been developed to quantify the distribution of physical elements, organization of
patterns, or the variation of shapes of discretely classified patches (Dietrich et al., 2005; Iskin &
Wohl, 2023; Nelson et al., 2014; Scott et al., 2022; Scown et al., 2015; Wohl, 2016a). These
metrics have been used to inform design goals and measures of river restoration success
(Hinshaw et al., 2022; Scott et al., 2022), and the physical processes that drive them have also
been investigated. Specifically, within river channels, the interaction of sediment supply, particle
size distribution, flow stage, discharge, wood load, live vegetation, and other biological elements
produces spatially variable topographic characteristics as bedforms (Box et al., 2019;
Christensen et al., 2022; Lightbody et al., 2019; White & Nelson, 2023; Wohl et al., 2022; Yang
& Nepf, 2019). Although there are many studies investigating topographic patterns that emerge
because of interactions of flow, sediment, and vegetation within the active channel, there are few
that consider the hydrodynamic interactions between floodplain vegetation and flood-stage

conditions.

To understand the nature of topographic response within the channel, I can consider
previous experimental observations of flow structure in meandering compound channels with
fixed beds at overbank depth. As in other similar flume studies, I define compound as consisting
of two-stage flow, both within the channel and on the floodplain. A vertical shear layer forms at
the channel-floodplain interface and a horizontal shear layer develops across the channel at
floodplain height resulting in energy loss and producing secondary circular currents (Ervine et
al., 1993; Sellin et al., 1993; Shiono & Muto, 1998). The strength of the resulting secondary
current and momentum transfer is highly depth dependent (Knight & Demetriou, 1983;

Modalavalasa et al., 2023; Myers, 1978; Sellin et al., 1993; Shiono & Muto, 1998). These
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observations frame the need to investigate the following research question: what is the impact of
floodplain vegetation density on sediment flux and bed morphology within the channel as a

result of the altered flow field?

Few experiments consider both floodplain vegetation characteristics and channel
morphology together. Wormleaton et al. (2005) performed a series of meandering, compound,
mobile bed, flume experiments at the UK Flood Channel Facility (FCF) with varied
configurations of floodplain roughness elements and observed a shift in bed morphology and
secondary flow cell location at overbank flow. The FCF flume had a sinuosity (k) of 1.35. At
Loughborough University, a series of experiments were performed in a meandering (k = 1.38),
compound, mobile bed similarly comparing the effects of floodplain roughness elements on the
flow field and bedforms (Shiono et al., 2009b, 2009a). In these experiments, Shiono et al.
observed a decrease in sediment transport from bankfull to low overbank flow depth for both
smooth and rough floodplains as well as distinct secondary flow cells in the crossover regions
and meander bend apex. The secondary flow cells emerging at higher overbank flow depths and
spatial distribution of bed shear stress produced mid-channel bars and ripple-like bedforms
atypical of in-bank meandering channel flow. Missing in the meandering compound flume
literature are experiments performed in low-sinuosity (k < 1.3) channels with bed material other
than uniform sand. Because there are very few meandering compound flume experiments
described in the literature, I classify those with “high” sinuosity as k > 1.3, although I
acknowledge that in the geomorphology literature, high-sinuosity channels have been classified

as k > 1.5 (Leopold & Wolman, 1957).

Previous experimental observations of flow structure in fixed-bed meandering compound

channels and the observations made at the FCF and Loughborough University experiments
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motivated me to investigate the following research questions: 1) What is the impact of floodplain
vegetation density on sediment flux and bed morphology within the channel as a result of the
altered flow field? 2) To what extent does the channel sinuosity and floodplain vegetation
density influence channel sediment transport capacity? 3) And how do coarser-grained beds
respond to increased flow depth and floodplain vegetation density as quantified by topographic

complexity?

To investigate the research questions stated, I conducted seven flume experiments systematically
varying floodplain vegetation density and flow depth to achieve the following objectives and test

associated hypotheses:

Objective 1. Investigate transport capacity response in a sand-to-gravel-bedded channel
for a low-sinuosity flume (k < 1.3) with varied floodplain vegetation densities and flow

depths.

Hypothesis I: In a low-sinuosity flume, transport capacity of sand and gravel will
be greater at low relative depth compared to bankfull, unlike observations made in
high-sinuosity channels, where sediment transport capacity decreases from
bankfull depth to low (D, < 0.2) overbank flow depths. This is due to reduced

energy loss at the channel-floodplain interface in lower sinuosity channels.

Objective 2. Quantify bedform topographic response to varied floodplain vegetation

density and flow depth using metrics of heterogeneity.

Hypothesis 2: For all overbank flow depths, topographic heterogeneity is

positively related to floodplain vegetation density.
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2.2 Methods
2.2.1 Experimental setup

I conducted a series of flume experiments at the Colorado State University Engineering
Research Center (ERC), Fort Collins, Colorado, USA. The meandering channel was 1-m wide
and inset in a 15.4-m long, 4.9-m wide basin. The flume has a length scale ratio of 1:20, roughly
approximating a small-to-medium-sized river. I formed the channel banks and floodplain surface
out of twenty-eight 1.2-m wide, 2.4-m long expanded polysterene (EPS) foam blocks and

secured them to the concrete floor using steel drop-in anchors, threaded rods, and large bolted
washers. The channel centerline follows a sine-generated trace defined by ¢ = w sin (%) 2m,

where ¢ is the departure angle at location s along the curve, w is the maximum angle of
departure (30°), and M is the meander wavelength (7.85 m). The floodplain adjacent to the
channel varies from 1.3 to 2.5 times channel width. General flume configuration parameters are

listed in Table 2.1 and a flume layout is shown in Figure 2.1.
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Table 2.1. Flume Parameters

Sinuosity (k)/Crossing angle 1.07/30°
Channel top width (m) 1
Initial channel bed and sediment feed D¢ (mm) 1.9
Initial channel bed and sediment feed Dso (mm) 33
Initial channel bed and sediment feed Dss4 (mm) 5.1
Valley slope (m/m) 0.005
Valley width (m) 4.87
Valley length (m) 14.63
Meander wavelength (m) 7.85
Cylindrical vegetation element diameter (¢cm) 2.67

To simulate varied floodplain vegetation densities maintaining a 1:20 length scale ratio, |
placed 2.67-cm diameter cylindrical elements spaced evenly throughout the floodplain. The
cyclinders scale to trees with approximately 0.5-m diameter trunks, close in size to woody
riparian vegetation such as middle-aged Cottonwoods (Populus spp.) that are common near
alluvial rivers in many parts of North America. The emergent vegetation elements were
polyvinyl chloride segments attached to the foam floodplain with iron fasteners. The vegetation
elements could be quickly and easily attached to and removed from the floodplain foam (see
Figure 2.1a). I tested three floodplain vegetation configurations: bare, low-density vegetation
(3.0 stems/m?), and high-density vegetation (12.1 stems/m?), the scaled spacing of which
approximates observations of similarly-sized trees in Western North America (Friedman & Lee,

2002).

I painted thirty-six ground control points on the floodplain and basin walls that were
referenced to a local (x, y, z) coordinate system such that x (m) was the downvalley distance in
the basin with x = 0 at the upstream edge of the floodplain, y (m) is the lateral distance across
the basin with y = 0 at the basin midpoint, and z (m) is the elevation with z = 0 at the

underlying flat concrete floor. I used a motor-operated cart mounted on a track running the
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length of the flume to position instrumentation for measuring the flow field, water surface

elevation, and bed topography at desired x, y, and z coordinates.

A 40HP vertical turbine pump supplied water to a stilling basin upstream of the channel
and floodplain. I tested flows ranging from 0.04 m3/s to 0.18 m®/s (1.4 cfs to 6.4 cfs), and I
adjusted the flow rate to achieve a desired relative depth (D,.) over the floodplain surface, such

that

hyp (1

Dr= i h
ot he

where hg,, is the depth of flow on the floodplain and h, is the depth of flow in the channel. I set
the desired water surface elevation at the beginning of each experiment by opening an upstream
butterfly valve and modulating a tailgate downstream of the meander bends. The water surface
throughout the flume was parallel to the bed slope and any unsteady effects due to the tailgate
were limited to the straight exit section. As water exited the flume, it drained into a sump from

where it is was recirculated.

My eperiments include a mobile channel bed consisting of a sand and gravel sediment
mixture (Dsg = 3.3 mm) (Figure 2.1). At startup, I filled the channel with sediment and screeded
it flat with an initial slope of 0.5 percent and a depth of 8 cm. Masonry blocks were placed
upstream of a straight section of channel at the inlet and downstream of a straight outlet section
to reduce scour and control flow depth at the up and downtream extents of the flume as sediment
was filled to the height of the block. I filled a hopper with a sand and gravel sediment mixture
which was fed at a continuous rate into the channel using an auger driven by a variable-speed
motor. The rotational speed of the motor was programmed and controlled with an Arduino board.
I developed a sediment feed rating curve related to auger rotational speed prior to the
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experiments to achieve desired mass trasport rates for each run scenario. As sediment passed
beyond the meander bends, it was captured in a tailbox, which I shoveled out to be dried and

weighed to determine the bedload transport rate after each flume run.

I designed the channel depth and slope to achieve fully mobile bed material at bankfull flow with

Ty

an excess dimensionless shear stress ratio, ( ), of 2.0 for Dg,-sized particles at bankfull depth.

Tic

Dimensionless shear stress, 7., 1S

. T
= G- DyD @

Ty

where G = 2.65,y = 9810 %, D = 5.1 mm, and reach-averaged shear stress is T = yhS, where

h =8cm, S = 0.005. I assumed the dimensionless critical shear stress, 7,., was 0.0386 after
Parker (1990). I estimated the initial sediment feed rate for each run based on both the modified
Meyer-Peter Mueller (Wong & Parker, 2006) and Wilcock & Crol (2003) sediment transport
equations. As the bed evolved during different flow scenarios, I adjusted the feed rate to match
bedload transport to facilitate the development of quasi-equilibrium conditions without large-
scale slope adjustment. Sediment transport occurred only within the channel during the

experiments and did not enter the floodplain.
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Figure 2.1. (a) Experimental flume set up. In this photo, floodplain vegetation was configured in
the high density arangement. Flow direction is from top to bottom of photo. (b) Bed material
particle size distribution of sediment fed into the channel. The dark line is the average of nine

bulk samples (light-grey lines). (¢) Laboratory flume channel configuration with bare floodplain.

Blue points represent locations at which flow measurements were taken. The dashed line is the
channel centerline. Cross station locations are numbered. (d) Floodplain vegetation configuration
at low density (3.0 stems/m?). (¢) Floodplain vegetation configuration at high density (12.1
stems/m?)

I conducted seven experimental runs to test bedform response to varied floodplain vegetation
conditions and flow depths. The resulting quasi-equilbrium bedform conditions at bankfull flow
were compared to those which occurred at two relative depths and three floodplain conditions.
Descriptions of experimental parameters associated with all seven runs are listed in Table 2.

19



Table 2.2. Flume Run Scenarios

Run Discharge Run Time Sgiggle;t Floodplain Vegetation ngleegge
1 0.04 m’/s 33.7 hr 5 kg/hr NA (bankfull)
2 008m¥  46.1hr  2.5kghr 0 0.1
3 0.08 m*/s  27.3 hr 2.5 kg/hr Low - 3.0 cylinders/m? 0.1
4 0.08 m*/s 16.6 hr 2.5kg/hr  High — 12.1 cylinders/m? 0.1
5 0.18 m*/s 26.8 hr 80 kg/hr  High — 12.1 cylinders/m? 0.25
6 0.17 m*/s 16.4 hr 65 kg/hr Low - 3.0 cylinders/m? 0.25
7 0.16 m%/s 11.6 hr 60 kg/hr 0 0.25

At the start of each flume run I slowly filled the channel with water to avoid altering bed
conditions that developed during the previous run. Once the channel was near bankfull depth and
flow overtopped the downstream tailgate, I opened the upstream butterfly valve to achieve the

desired relative depth and began feeding sediment into the channel.

2.2.2 Data collection

I carried out each of the seven run scenarios described in Table 2.2 over multiple flume
operation periods lasting from approximately 4 to 8 hours, measuring bed topography after each
one to identify quasi-equilibrium conditions when the bed was neither agrading or degrading.
Between flume operation periods, I slowly drained the channel to preserve bed topography, and
dried and weighed the sediment captured in the tailbox. I surveyed bed topography between
flume runs using structure-from-motion (SfM) photogrammetry, a widely used tool to measure
geomorphic change (Leduc et al., 2019; Morgan et al., 2017; Westoby et al., 2012). Following
each flume run, when water had completely drained from the channel, I took approximately 300
nadir photos pointed perpendicular to the local x-y plane using a 20 megapixel camera with a
fixed zoom at a height of 2.5-m above of the floodplain surface. Each photo had approximately

80% front and side overlap. I imported the images into Agisoft Metashape (“Agisoft Metashape
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Professional,” 2022) for point cloud processing following the workflow recommendations by
Over et al. (2021). I aligned the photos in Metashape with ‘high’ accuracy setting and optimized
tie-points. I reduced error in the sparse clouds by removing points with high reconstruction
uncertainty, projection accuracy, and reprojection error. Once tie points were optimized, I
referenced the model to ground control points (GCPs) that I had surveyed into the local
coordinate system using a Leica total station. I then generated a dense point cloud. I verified the
accuracy of each point cloud by comparison with each known GCP. Average horizontal and

vertical accuracy between point clouds and GCPs was better than 5 mm for all models.

I then converted the bed topography point clouds to a DEM using Kriging interpolation in
Golden Software’s Surfer program (“Surfer,” 2022) with a defined 0.005-m grid to facilitate
analysis and comparison between each surveyed bedform surface although the point spacing was

at much higher resolution.

2.2.3 Topography processing

I processed the gridded SfM models by computing a downvalley detrended DEM by
computing the average elevation at transects oriented perpendicular to the downvalley (y-axis)
direction and differencing the original bed elevation values from the average transect value.
Detrending the DEM eliminates the valley gradient and produces raster imagery with more easily

recognizable local bedform features.

To measure and visualize changes in bedforms through deposition or erosion, I
performed a differencing of DEMs comparing topography for each of the six overbank flow

scenarios with the bankfull flow scenario.
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2.2.4 Geomorphic complexity metrics

Systematic quantificaton of spatial geomorphic heterogeneity and complexity has been
tested using various approaches (Scown et al., 2015; Wohl, 2016b). Geomorphic features are
often clustered into patches, which have also been systematically classified by spatially
distributed characteristics (Nelson et al., 2014; Scott et al., 2022). I tested multiple approaches
for comparing reach-averaged and grid-cell metrics of heterogeneity. I performed a 2D (x, y)
sliding neighborhood operation to compute statistical metrics of grid cells with windows ranging
in size from 5-cm to 50-cm, larger than the resolution of the data, but small enough to capture
visually observed bedform units. When regions outside the channel were included in the

window, they were ignored. I computed the following statistical metrics:

Moving window mean, p,,, was calculated as

_ i1 7

n

Mo ©)

where z; is the elevation of the ith cell, and n is the number of cells within the boundaries of the
moving window. The mean elevation describes general bedform topography throughout the

reach.

Standard deviation, g,,, which describes the variability of cell elevation about the mean, was

calculated as

G, = \/Z?=1(Zi - .uw)z. (4)

n

Topographic coefficient of variation, CV,,,, which describes the variability of standard deviation

compared to the mean, was calculated as
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High CV,, values may be indicative of topographic low points with some variability in

surrounding topographic relief.

Topographic skewness, fi3, which is used to quantify the presence of local high and low
points that fall near the tails of the distribution of cell elevations within a moving window
(Scown et al., 2015), was calculated as

n (2, — )3

The bed developed spatially coherent, patch-like features prompting statistical analysis of
patch characteristics to quantify spatial complexity, where complexity is indicated by a greater
number of patches of a range of patch sizes. I classified five patch types for the detrended
topography grids by dividing the 0.3-m elevation range (0 m to 0.3 m) evenly into five bins. I
assigned each cell a classificatione from 1 to 5 with 1 being the lowest elevation range bin, (0 m
to 0.06 m) and 5 being the highest elevaton range bin (0.24 m to 0.30 m). Generally, all cells
within the pools were of patch type 1, and cells located on bar tops were of the patch type, 5.
Metrics used to quanitify the overall patch characteristics following the approach described by

Nelson et al. (2014) include:

Mean patch area, 4,

Ap = — ] Al’p (7)
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where n, is the total number of observed patches, and A;,, is the area of each contiguous patch.

A low mean patch area suggests there are many smaller patches, and a large mean patch area

suggest the presence of few large patches.

Standard deviation of patch areas, g,

o, =\/ ?zl(Aip _Ap)z (8)

n

where ffp is the average patch area of the entire channel. Standard deviation of patch area

describes the variability of patch sizes around the mean patch area and may suggest a higher

frequency of patches with dissimilar patch sizes.

Patch coefficient of variation, CVj,

cv, =

Op
PT A,

©)
which describes the variability in patch sizes in relation to the mean patch area.

Contagion, C

ln(Pl)
C=1+ E E — (10)

where P;; is the probability a pixel of patch type i has an adjacent pixel of patch type j, and k is
the number of patch type classifications. Contagion is a landscape index used to describe patch
diversity and clumping (Li & Reynolds, 1993; Riitters et al., 1996). A high contagion value
suggests that there are few large contiguous patches and a low contagion value suggests there are

many variably distributed small patches.
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2.3. Results

2.3.1 Sediment transport

At bankfull flow, the channel reached quasi-equilibrium after about 30 hours of run time
with sediment transport at the flume outlet stabilizing at around 2 kg/h (see Figure 2.3). As flows
transitioned from bankfull to D,. = 0.1 with no floodplain vegetation, sediment transport
increased to approximately 25 kg/h. Following this sharp increase, it dropped to a quasi-
equilbrium transport rate of approximately 5 kg/h (See Figure 2.3). After adding low-density
floodplain vegetation at t = 80 h, the sediment transport rate increased to approximately 7 kg/h,
and 15 kg/h after adding high-density floodplain vegetation at t = 107 h. I then increased flow
depth to D,- = 0.25 with high floodplain vegetation density, and sediment transport increased
sharply to 104 kg/h and relaxed to 70 kg/h as the bed adjusted. As floodplain vegetation was
removed to simulate low-density conditions, transport rate dropped to 60 kg/h, and for a bare
floodplain the transport rate fell further to 40 kg/h. In general, highest sediment transport was
observed for the D, = 0.25 runs, and increased with vegetation density for both D,. = 0.1, and D,

=0.25.
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Figure 2.2. Measured sediment transport rate during all seven experimental runs. The colored
points represent total sediment transport rate as measured by dry sediment accumulated in the
tailbox over the duration of the flume run.

Sediment transport rate increased nonlinearly with depth for all floodplain vegetation
conditions. I show this in Figure 2.3 where normalized sediment transport rate, or the ratio of
total bedload transport for each flume run, @, to total bankfull bedload transport @y, is plotted
vs. relative depth (compare with Shiono et al., (2009b), Figure 2.6). Normalized sediment
transport rate at D, = 0.1 and D, = 0.25 was highest for the densely vegetated floodplain and

lowest for the non-vegetated floodplain.
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Figure 2.3. Normalized sediment transport rate vs. relative depth for each floodplain vegetation
condition.

2.3.2 Quasi-equilibrium bedform topography

Quasi-equilbrium bedform topography for each of the seven run scenarios is presented in
Figure 2.4. During the startup period, as the screeded flat channel developed bedforms, and in
transition from one run to the next, the bed adjusted to new hydraulic conditions. This
adjustment was reflected in fluctuations of the channel slope and shift in bedload transport.
However, during each run, the slope eventually returned to quasi-equilbrium, after which I
collected measurements. Classic bar-pool bedforms were observed throughout the experiment,
although overbank flows produced more pronounced bedforms with greater relief than the
bankfull condition. At bankfull flow, the bar lobe extends farther laterally into the channel than
all overbank flow scenarios. Longitudinal bedform features developed downstream of the bar for
D, = 0.1, and D,. = 0.25, and were more pronounced for the scenarios with floodplain

vegetation scenarios compared to the scenario with no vegetation.
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Figure 2.4. Downvalley detrended bed elevation at quasi-equilbrium conditions for each of the
seven run scenarios. (h) Channel slope during each of the seven runs at quasi-equilbrium. Slope
was determined by fitting a linear curve to the longitudinal profile for all runs.
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Cross-section plots for each flume run are depicted in Figure 2.5. The bankfull profiles have
much less topographic variation than overbank flow profiles in all 10 cross-sections, with
shallower pools and lower bars. The longitudinal bedform features mentioned above can be seen
as peaks and troughs in the cross-section plots for XS6 through XS10. The scenario with D, =
0.25 and high-density vegetation produced the largest peak and trough features with relief as
great as 0.7 cm, as seen in Figure 2.5j, XS9 (dark blue line). These peak and trough features were

present in the cross-over region of the channel near the bend apex.

Bars and pools remained somewhat stable during experiments, persisting through all
seven runs. As I raised flows from bankfull depth to D, = 0.1, I observed that the pools generally
became deeper and deposition of fine particles caused the bars to aggrade, but within the first ten
hours of run time at overbank flow, the channel stabilized, and no significant net aggradation or
net scour occurred. To measure changes in bar-pool morphology through the experiments I
computed the difference in elevation of the bed 1 cm from the right and left banks (see Figure
2.6) and identified bedform tops as the local maxima and minima as done by others in studies of
bed morphology (Martin & Jerolmack, 2013; Nelson & Morgan, 2018). I then computed
wavelength (the distance between the local maxima and minima of right- and left-bank-
differenced elevations), and amplitude (the height difference between local maxima or minima

and proximal zero-crossing point elevation).
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Figure 2.5. (a) Flume planform schematic with cross-section locations. (b-k) Ten cross-section
plots of quasi-equilibrium topography for all seven runs.
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Figure 2.6. Elevation profile of bed height difference near left and right banks at quasi-
equilibrium.

Slight adjustments of wavelength and amplitude occurred during all runs at overbank
flows (See Figure 2.6 and Table 2.3) but were less than the adjustments observed during the
transition from bankfull to D, = 0.1. In the experimental transition from D, = 0.1 to D, = 0.25 at
high vegetation density, the head of the pool began to migrate upstream and at times scoured
down through the bed material to the concrete floor, though the pool was subsequently filled in
with sediment. From approximately 140 to 150 hours of run time, the bed went through an
adjustment phase as the head of the pools shifted upstream then back downstream. This
adjustment in bar-pool wavelength may be a response to the flow conditions developed as the

bed material was scoured out.

In the region of developed flow in the bend (y =7 m to y = 15 m), the bar apex shifted 1
m downstream and the amplitude increased from 0.18 m to 0.21 m as flows increased from
bankfull to overbank (See Figure 2.6). For the D,. = 0.1 scenarios, wavelength remained
relatively constant at approximately 4 m for all floodplain vegetation conditions. Wavelength
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was lower for high relative depth (D,- = 0.25) at aproximately 3.7 m. Bar amplitude at bankfull
flow was 0.18 m and shifted to higher values for D,= 0.1 runs. During D,- = 0.1 runs, bar
amplitude increased with floodplain vegetation density from 0.21 m to 0.25 m. During all D, =
0.25 runs, amplitude remained near 0.25 m. The bar wavelength and amplitude were likely
constrained in the pool by the flume’s concrete floor at z = 0. For a summary of results related to

bar morphology, see Table 2.3.
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Table 2.3. Summary of topographic heterogeneity metrics.

Bar Characteristics

For a definition of each metric, see Section 2.4.

Reach-averaged Moving

Patch Statistics

O Vegetation Window Statistics
Run D, Densit Bar Bar —_—
(kg/hr) (units/ ni;) Wavelength  Amplitude Ow cv, s A’; Jpz CV? C
(m) (m) (m?) (m) (m%)
1 2 0 NA 4.25 0.18 0.0047  0.035 -0.072 | 0.56 0.95 1.7 0.67
2 5 0.1 0 3.95 0.21 0.0056  0.049 -0.017 | 049 0.83 1.71 0.656
3 7 0.1 3 4.13 0.24 0.0066  0.066 -0.047 | 046 086 1.88 0.649
4 15 0.1 12 4.03 0.25 0.0072  0.153 0.042 0.38 0.73 1.89 0.631
5 70 0.25 12 3.6 0.24 0.0079  0.138  0.07 046 077 1.69 0.621
6 60 0.25 3 3.57 0.25 0.0076  0.111  0.03 0.52  0.85 1.62 0.642
7 40 0.25 3.95 0.25 0.0073 0.153  0.096 0.61 0.78 1.28 0.64
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2.3.3 Metrics of topographic heterogeneity

I used both a qualitative and quantitative approach to classify geomorphic complexity
associated with each of the flume run scenarios. As described in Section 2.4, a sliding window
analysis was performed to compute topographic heterogeneity metrics including mean, standard
deviation, coefficient of variation, and skewness. To account for the influence of scale in
statistical analysis of a topographic surfaces, which was discussed by Scown et al. (2015), I
tested various moving window sizes including 5 cm, 10 cm, 20 cm, and 50 cm. The window size
should be greater than the dataset grid size and similar in size to the bedform features. I focus my
analysis on the 10-cm moving window size because it captures the topographic fluctuations of

bedform features at that scale which were easily visualized in the spatially mapped metrics.

Spatially mapped coefficients of variation were high in pools where the mean elevation
was low and the adjacent cells on the lateral slope had variable elevation. This suggests that high
coefficient of variation can be associated with topographic depressions (See Figure 2.7a).
Spatially mapped distributions of the standard deviation of cells within a 10-cm moving window
highlight regions of the bed that had both high and low variability about the mean cell elevation.
Regions of the bed that exhibited high standard deviation values were most commonly associated
with high local slope, such as at the laterally sloping region between the bar and pool, and near
the bar tail (See Figure 2.7b). Spatially mapped skewness performed well to visually highlight
topographic high and low points (See Figure 2.7c), which fall near the tails of the distribution of
cell elevations within the moving window. Topographic heterogeneity is likely captured by
regions of high standard deviation, high coefficient of variation, and both high and low

skewness.
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Figure 2.7. Spatially mapped surface metrics of the high vegetation density, D, = 0.1 scenario:
(a) Coefficient of variation, (b) standard deviation, (c) skewness computed with a 10-cm moving
window.

A summary of topographic heterogeneity metrics for the entire channel, including
coefficient of variation, standard deviation, and skewness, are shown in Figure 2.8 and Table 2.3.
The bedform topography at bankfull flow had low median coefficient of variation and standard
deviation and a narrow distribution of both values. At D,- = 0.1, median coefficient of variation
and standard deviation increased with vegetation density, indicating an increase in topographic
heterogeneity. The distribution of both coefficient of variation and standard deviation also
became wider with increased floodplain vegetation density. During the D, = 0.25 runs, median
coefficient of variation was highest with high floodplain vegetation density and also had the
widest distribution of coefficient of variation values. Median standard deviation decreased

slightly with floodplain vegetation density, but the high vegetation density run had the widest

distribution of standard deviation values.
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Although locally heterogenous patches of bedform topography as measured by skewness
were visually observable, reach-wide median skewness values were relatively consistent for all
flow depth and floodplain vegetation conditions. However, for both D, = 0.1 and D,. = 0.25, the
high vegetation density conditions produced the widest distribution of skewness values with
higher and lower skewness values reported. The relatively unchanging median skewness may not
necessarily reflect the lack of change in topographic heterogeneity, because the presence of
patches of both low and high skewness values may balance one another over the entire reach,
and thus a wider distribution of skewness values may be a better indicator of topographic

heterogeneity.
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Figure 2.8. Moving window analysis of topographc heterogeneity metrics (a) coefficient of
variation, (b) standard deviation, and (c) skewness for all runs computed with a 10-cm moving
window. Outliers are not displayed

The topographic features that I observed associated with higher flow and vegetation
density appeared patchy with localized regions of high and low elevation. To quantify the
patchiness associated with the different flow depths and floodplain vegetation conditions, five
elevation classes were established with equal height spacing ranging from the lowest to highest
point in each detrended DEM. An example of these spatially classified patches is shown in
Figure 2.9, and a summary of patch analysis results is presented in Figure 2.10 and Table 2.3.
Also refer back to the detrended DEMs for all seven runs in Figure 2.4 where the patchy nature

of the bed topography is visible.
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Figure 2.9. Visulization of patch classifications for (a) Run 1 and (b) Run 4. The grid cells are
assigned to one of five equally sized elevation classes.

Contagion, a landscape patchiness index, was used to describe topographic patch

diversity. I observed clear trends in contagion resulting from increased depth and floodplain

vegetation density. A high contagion value suggests that there are few large patches, and a low

cotagion value suggests there are many small patches. The computed contagion index (Figure

10a) for each quasi-equilbrium bed is generally in agreement with patch statistics shown in

Figure 2.10b. In Figure 2.10a, the lowest contagion index corresponds to the high density

floodplain vegetation scenario at D,. = 0.25, suggesting that high flow depth and vegetation

density produced highly heterogeneous bedform topography. Contagion had a negative

relationship with depth for all three floodplain cover scenarios suggesting that deeper flow may

produce more topographically heterogeneous bedforms. At both D, = 0.1 and D,- = 0.25, high

density floodplain vegetation produced low contagion values.
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In addition to contagion, patch statistics describing topographic heterogeneity, including
mean area, standard deviation, and coefficient of variation were computed and are presented in
Figure 2.10 (b) and Table 2.3. The number of patches was highest (n = 19) for Run 4 (D, = 0.1,
high vegetation density). The lowest mean patch area was also measured during Run 4,
suggesting that many small patches were observed. At D,. = 0.1, mean patch area decreased as
more floodplain vegetation was added, and at D,- = 0.25, mean patch area increased as vegetation
was removed. The D, = 0.1 runs generally had more patches than the D, = 0.25 runs; however,
there were more small-to-medium patches (approximately 0.25 m?), which are approximately the
size of the bedform features that were observable during the flume runs and in the detrended

DEM:s.
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Figure 2.10. (a) Contagion Index. (b) Topographic patch statistics. Each box plot represents the
distribution of patch area. The black dot represent the median patch area. The larger light-grey
circles represent the mean patch area. Legend in (b) corresponds to both (a) and (b).

2.4. Discussion
2.4.1 Relative depth vs. vegetation density

Although in this study I do not analyze the flow field in detail, results from studies such
as Shiono et al. (2009a, 2009b) indicate that the addition of emergent floodplain roughness
elements enhances the shear layer at the channel-floodplain interface due to slowed floodplain
flows’ interaction with main channel flows. I observed that the presence of vegetation slows
floodplain flow velocity and steers flow toward the channel, thus increasing in-channel

conveyance and enhancing 3D helical flow structures. This produced greater spatial variability
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and ranges of bed shear stress corresponding to the presence of strengthened secondary currents.
Regardless of the channel planform, it is likely that secondary flow features are enhanced in the
cross-over region of the channel due to the difference in main channel velocity and slowed
floodplain velocity re-entering the channel. The cross-over region is where I observed patchy
bedform features (e.g., Figure 2.4). The enhanced secondary flow was likely also responsible for
the increased bar-pool relief and increase in amplitude as shown in Figure 2.6a. Here it appears
that the increased flow depth from bankfull to both D, = 0.1 and D, = 0.25 had a greater relative

influence on half-meander-scale bar pool features than floodplain vegetation density.

I hypothesized that for all overbank flow depths, topographic heterogeneity increases
with floodplain vegetation density (see Section 1, Hypothesis 2). For both the moving window

and patch analysis, statistical metrics indicate that even at low flood stage (D,- = 0.1),

topographic heterogeneity was greater than under bankfull conditions (e.g., Figure 2.10). At D,
0.1, high floodplain vegetation density produced metrics that indicated bedform heterogeneity
was as high as those observed for all floodplain vegetation densities at D, = 0.25. Reach-wide
topographic standard deviation and coefficient of variation distributions indicated that at D,. =
0.1, increasing floodplain vegetation density created measurable increases to bedform
complexity, but at D,- = 0.25, although increasing floodplain vegetation density increased
bedform complexity, the change was not as dramatic. Similar patterns emerged using the patch-
based analysis. I interpret this to suggest that there may be thresholds in bedform heterogeneity
and that increasing depth any higher may not necessarily produce more complex bedforms. This
threshold may arise due to a shift in shear stress distribution and a channel’s tendency toward

minimum energy expenditure and least action (e.g., Nanson & Huang, 2008, 2017).
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The results of this study suggest that the increased turbulent energy resulting from
channel-floodplain flow interaction and main channel conveyance is accommodated through the
development of flow-resisting, energy-consuming roughness in the form of superimposed
complex topography. Meandering channels commonly achieve equilibrium bankfull hydraulic
conditions through the complex interaction of planform-induced 3D flow field and energy
expenditure through form and surface hydraulic roughness (Buffington & Montgomery, 1999;
Dietrich & Whiting, 1989; Lane, 1955; Powell, 2014; Sear, 1996). During floods, meandering
planform geometry continues to drive reach-scale bar-pool morphology, however, with an
altered flow field and turbulence characteristics (Wormleaton et al., 2004). Knight & Shiono
(1990) showed that as flows exceed bankfull, turbulent flow structures at the channel-floodplain
interface increase eddy viscosity and depth-averaged Reynolds stresses particularly at low
relative depths. Highly complex bedforms with local patches of high relief are inherently more
hydraulically rough (Buffington & Montgomery, 1999; Hassan & Reid, 1990). An increase in
hydraulic roughness limits excessive erosion energy, maintaining channel equilibrium (Davies &
Sutherland, 1980; Nanson & Huang, 2008; Wohl & Merritt, 2008) accounting for a channel’s
tendency toward an equilibrium state (Davies & Sutherland, 1983; Eaton et al., 2004). Flows
likely approach a threshold when bedforms no longer become more complex with stage, and
energy dissipation required to maintain channel stability may shift to the upper portion of the
water column and in the floodplain, which is supported by the observations made by Knight &
Shiono (1990) in which the highest Reynolds stresses occur in the upper portion of the water
column at the channel-floodplain interface. In terms of total available reach-scale boundary shear

stress at high flow depths, energy is likely dissipated through boundary shear in the floodplain.
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In my experiments, general bar-pool morphology appeared to be primarily controlled by
planform; however, amplitude and wavelength were apparently influenced by vegetation density
and flow depth in ways comparable to other experiments in the literature. In a series of flume
experiments, Calvani et al. (2023) observed an increase in bar amplitude with the addition of
rigid emergent vegetation elements located within the channel. They also observed long
depositional features associated with the emergent vegetation patches. Other flume experiments
that did not include floodplain flows or vegetation have shown that at high flow rates, alternate
bar morphology shifts to a plane bad and hydraulic roughness decreases (Ikeda, 1984; Palucis et
al., 2018). The meandering planform in my experiments fixed the bar-pool morphology limiting
bar wavelength, although I did see a slight shift as flow depth increased from D, = 0.1 to D, =
0.25 (See Figure 2.6). Similar to meandering channel flume experiments performed by (Termini,
2009), at all flow depths in my experiments, bar-pool unit morphology and associated
wavelength were constrained by a scour zone that follows a line tangential to the crossing angle.
This suggests that even in compound channels with vegetated floodplains, meandering planform
controls bar morphology and bar wavelength approximately matches planform meander
wavelength. Bar-pool morphology likely would show a different response had the banks been
highly erodible, and the channel width may have been influenced by the presence and density of
floodplain vegetation. For example, Wieting et al. (2023) found that channel width increased

significantly with the removal of floodplain vegetation.

Although I did not investigate grain mobility as a function of the gravitational forces on
reach- and patch-scale bedforms, topographic heterogeneity as measured by statistical metrics
may also be limited by angle of repose, local slope, and grain-scale roughness. Thus, there may

be a bedform topographic configuration where local relief of bedform patches may not be
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capable of increasing beyond a threshold simply due to individual particle mobility regardless of

turbulent flow structure.

The apparent diminishing returns of bedform topographic heterogeneity with increased
flow depth has meaningful implications for scientists and river managers. These observations
suggest that low overbank flows and densely vegetated floodplains are functionally important for

driving in-channel complexity that sustains ecosystem processes.

2.4.2 Sediment transport

These results suggest that the relationship between flow depth and sediment transport in
compound channels is partially driven by planform geometry. Experiments conducted in high
sinuosity flumes (k > 1.3) with mobile sand beds showed that as stage increased from bankfull
to low overbank flow, sediment transport decreased (Karamisheva et al., 2006; Lyness et al.,
2001; Shiono et al., 2009a, 2009b; Wormleaton et al., 2004, 2005). This is different from
observations made in straight compound channels, where sediment transport monotonically
increases with stage, even at low overbank flows (Atabay et al., 2005; Tang & Knight, 2006). I
tested my hypothesis that sediment transport would be higher at low overbank flows in a low
sinuosity experiment (k = 1.07) regardless of floodplain vegetation. Because there are very few
meandering compound flume experiments described in the literature, I classify those with “high”
sinuosity as k > 1.3, for simple comparison although I acknowledge that in the geomorphology

literature high sinuosity channels have been classified as k > 1.5 (Leopold & Wolman, 1957).

In contrast to Shiono et al. (2009a, 2009b), I observed that sediment transport was higher
at low relative depth than at bankfull and increased with floodplain vegetation density. These

observations are likely due to turbulent energy dissipation at the channel-floodplain interface
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resulting from differences in flow angle and magnitude for floodplain and main channel flows. In
my experiments, flow at the surface in the main channel was closely aligned with the channel
centerline departing from the downvalley oriented floodplain flow by less than 30 degrees. Had
the floodplain been narrower, floodplain walls may have had a small influence of flow
orientation by deflecting flows toward the channel. However, as observed by Shiono et al.
(2009a) in experiments that included floodplain sections that were less than one channel-width
wide, I also did not observe significant influence of the flume walls on floodplain flow
orientation. This is likely due in part to the shallow nature of flow, as the proportion of surface
area interacting with flows is very small relative to the floodplain surface and vegetation frontal
area. There was also relatively lower conveyance in the floodplain. In my low-sinuosity
experiment, this low difference in downvalley flow and downstream flow in the cross-over
region likely resulted in less energy loss than in high sinuosity experiments (Shiono et al., 2009a,
2009b). These observations prompt the need to further investigations on potential sinuosity

thresholds at which sediment transport drops below bankfull for low relative depths.

2.4.3 Implications for natural channels and restoration

Channel realignment is a common practice in river restoration. Engineers and
geomorphologists often strive to design reaches with sediment transport capacity that matches
upstream sediment supply to avoid excessive incision or aggradation. my reported observations
of sediment transport capacity indicate that channel planform and the hydrodynamic effects of
floodplain flows in rivers with varied floodplain vegetation conditions should be considered to

achieve stable condtions.

Recent ecocentric management strategies recognize that healthy floodplains benefit both

humans and riparian ecosystems and aim to optimize river health and function (Castro & Thorne,
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2019; Johnson et al., 2020; Palmer et al., 2005). River restoration generally involves the use of
technical tools such as hydraulic models to predict flow conditions for reconfigured channels that
aim to increase habitat heterogeneity (Tamagnone et al., 2020) by incorporating
hydrogeomorphic complexity, an emergent property of functional riparian ecosystems (Ward et
al., 1999; Wohl, 2016a, 2016b). The basis of hydraulic river restoration design is often limited to
bankfull flow, but overbank flow is occasionally simulated by applying an oversimplified single

roughness coefficient across the computational surface ignoring biologic drivers of river form.

Approaches to river and floodplain restoration vary in their attempts to restore river
corridor processes (Wohl et al., 2005). Most commonly, active channel planform and cross-
section geometry are the focus of restoration design (Dufour & Piégay, 2009; Shields et al.,
2003; Wharton, 1995), though Beechie et al. (2010) emphasize the importance of restoring the
natural geomorphic and ecological processes that rivers support. Recently, Castro & Thorne
(2019) and Johnson et al. (2020) point out that while some river restoration projects focus on
geomorphic and hydrologic processes, biological restoration remains an afterthought despite its
relative importance. Biological drivers of river form and function include keystone species like
beaver (Castor canadensis), salmonids, arthropods, large wood, biogeochemical nutrient cycling,
and vegetation, many of which occur in floodplains and have been the focus of recent restoration
projects. I show that the effects of floodplain vegetation density and overbank flow are important
drivers of in-channel processes such as sediment transport and topographic heterogeneity, a
characteristic associated with habitat suitability, biodiversity, and flux attenuation (Wohl,

2016b).

The development of heterogeneous bedform features at high floodplain vegetation

density and overbank flow depths has significant implications for natural channel evolution
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processes. In this experiment, bedform topography is analyzed under a quasi-equilibrium state;
however, natural channels experiencing unsteady flow may also develop elevated topographic
patches during floods which emerge as stage recedes, producing mid-channel bars and
potentially suitable conditions where early successional trees and woody shrubs may become

established.

2.4.4 Study Limitations

Floodplain vegetation was limited to a single diameter and spaced across the entire
surface evenly in this experiment for simplicity although in natural channels, the understory and
trees exhibit a range of diameters, density configurations, and leaf properties. The geomorphic
response to these plant properties was not the primary focus of this study; however, others have
explored this interaction (Diehl et al., 2017). Leaf density and associated metrics, such as leaf
area index (LAI), would likely influence the flow field and resulting bed topography. Leafy
vegetation would likely enhance the assumed steering effect that vegetation had and promote bed

topographic complexity.

For each of the seven flume runs, I determined that quasi-equilibrium conditions had
been reached by comparing bedform topography between operation periods and confirmed that
no significant aggradation or degradation was occurring. The channel slope, shown in Figure
2.4h, also indicates that topographic quasi-equilibrium was achieved. I also compared the
sediment transport and feed rates to assess quasi-equilibrium, however, for some periods of
operation, the sediment feed rate was not in strict equilibrium with sediment being exported from
the flume. I determined that the temporary storage and export of sediment that may have
contributed to this slight feed-transport disequilibrium was negligible relative to overall bedform

change and likely did not contribute to significant topographic changes. Any difference in
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sediment feed or export may also influence the results and relationship of relative depth,
floodplain vegetation density, and transport capacity; however, this potential difference in fact
suggests that the monotonic increase in sediment transport with relative depth would be
enhanced and supports the discussion and conclusion as such.

2.5 Conclusion

I performed experiments in a compound meandering channel to investigate the effects of
floodplain vegetation density on bedform heterogeneity and sediment transport. The experiments
were conducted in a low-sinuosity flume with a mobile sand and gravel bed. I tested the extent to
which floodplain vegetation density increases topographic complexity within the channel by
analyzing surface metrics using a moving-window (skewness, standard deviation, coefficient of
variation) and patch-based (relative contagion index, patch areas, patch number) computations
and found that increased vegetation density and flood depth produced greater geomorphic
complexity. I observed an increase in sediment transport rate relative to bankfull conditions at
low relative depths for all floodplain cover conditions, which contrast with findings of other
studies that used higher sinuosity and finer bed material. I believe this is primarily due to
differences in planform between my experiments and previous work, and lower energy loss at
the channel-floodplain boundary in my lower sinuosity channel, but particle mobility may also
influence these findings. These results show that biologic factors drive in-channel

morphodynamic processes and should be considered in river restoration practice.
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CHAPTER 3: FLOODPLAIN VEGETATION DENSITY INFLUENCES

MEANDERING CHANNEL FLOW PATTERNS

3.1 Introduction

Floodplain vegetation can influence numerous hydraulic, geomorphic, and
biogeochemical processes in rivers. For instance, vegetation mechanically stabilizes banks (Zhu
et al., 2022), increases reach-averaged hydraulic roughness during floods (Hickin, 1984; Millar,
2000) thus reducing flow velocities and increasing residence time (Box et al., 2021), and creates
complex flow patterns within and around vegetation patches (Nepf, 1999). These hydraulic
effects promote biogeochemical processes and carbon storage (Lininger et al., 2019; Steiger &
Gurnell, 2003; Sutfin et al., 2016). They also promote riparian seedling recruitment and natural
vegetation succession (Benjankar et al., 2012; Geerling et al., 2008) and enhance important

terrestrial and aquatic habitat (Beschta, 1997; Fuller et al., 2022; Theurer et al., 1985).

Furthermore, floodplain vegetation can influence channel morphology (Beechie et al.,
2006; Camporeale et al., 2013; Ielpi et al., 2022; Kondolf & Curry, 1986; Lightbody et al., 2019)
as evidenced by field observations and numerical studies investigating the relationship between
vegetation density and channel width (Liébault & Piégay, 2002; Torok & Parker, 2022), meander
migration rates (Perucca et al., 2007), and channel response to vegetation patches (Bywater-
Reyes et al., 2017, 2022). These well documented examples of the influence of vegetation on
reach-scale river-corridor processes and ecological function highlight its importance at large
scales and prompt study of the interaction of vegetation and flow from a fluid mechanics and

hydraulic engineering perspective.
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The physical characteristics of vegetation such as stem density, diameter, rigidity, and
leaf area are important to consider in the context of floods and hydraulic resistance. Various
physical modeling studies have been conducted with varied vegetation shapes, rigidities, and
strengths such as single rigid cylinders, flexible elements, or foliated live plants in flow
experiments (Aberle & Jarveld, 2013; Jarveld, 2002, 2004; Le Bouteiller & Venditti, 2015; Nepf,
1999, 2012). Regardless of the specific vegetation characteristics used in experiments, studies
show that form drag dramatically reduces mean flow within the vegetation canopy, or among the
vegetative elements, and alters turbulent structures near each element (Aberle & Jarveld, 2013;
Jarveld, 2005; Nepf, 1999, 2012; Tanino & Nepf, 2008; E. M. Yager & Schmeeckle, 2013).
Various approaches have been taken to relate this resistance to plant properties, many of which
incorporate frontal area as a function of stem density or leaf-area-index (Box et al., 2022;
Bywater-Reyes et al., 2018). These studies and others have elucidated flow patterns through
vegetation, however, the complex flow structure caused by vegetation is difficult to characterize
as it interacts with three-dimensional (3-D) flow fields that develop in meandering compound

channels.

The influence of vegetation on the 3-D compound channel flow field, both on the
floodplain and within the channel is difficult to study and numerical or physical modeling studies
are few; however, various studies have been conducted with bare floodplains, the results of
which shape our understanding of flow through meandering compound channels. At the UK
Flood Channel Facility (FCF), work by Ervine et al. (1993) and Sellin et al. (1993) described the
three-dimensional nature of flows in meandering compound channels with fixed trapezoidal
cross sections. They showed that floodplain flow re-entering the channel causes strong helical

flow at the inner bank, and that conveyance is a function of floodplain roughness and channel
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planform. Patra & Kar (2000) performed laboratory experiments of meandering compound
channels showing that the proportion of total shear stress experienced by the floodplain is
dependent on channel and valley geometry. Findings from these and other studies have shaped

our understanding that sinuosity, flow depth, and channel geometry strongly influence the flow

field in meandering compound channels.

Experimental studies have more closely approximated natural rivers by physically
modeling flow through mobile-bed meandering compound flumes with roughened floodplains.
Many show that both floodplain roughness characteristics and the proportion of flow in the
floodplain can drive changes in channel bed morphology. Ishigaki et al. (2000) performed flume
experiments investigating bedform response to overbank flow in meandering channels with a
sand bed. As depth increased past bankfull, classic bar-pool morphology and associated
secondary currents characteristic of meandering channels shifted toward more irregular patchy
topography and at high relative depths developed wavy bedforms which were associated with
multiple secondary current cells. In Chan (2003) and Shiono et al., (2009a, 2009b) a series of
flume experiments are described in which the flow structure and topography of a mobile sand
bed were observed. They describe multiple secondary flow cells spanning the width of the
channel which were associated with wavy bedforms and more prevalent at high overbank flow
depths. Wormleaton et al. (2004, 2005) modeled the effect of floodplain roughness on three-
dimensional velocity field within the channel and associated bedforms. They showed that
floodplain roughness results in decreased interaction of in-channel and overbank flows and that
classic meandering channel secondary currents are enhanced. These studies in sand-bedded
meandering compound flumes describe the flow field that results from increased floodplain

roughness, but don’t clearly identify the influence of floodplain vegetation density on secondary
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flow field within the channel, on the flow field at the surface, and the resulting channel-

floodplain exchange in a channel with a bed material coarser than sand.

An ecologically important aspect of flood hydrology is the exchange of energy as water,
nutrients, and sediment pass from channel to floodplain. Czuba et al. (2019) developed a 2D
hydraulic model of flow through a low-gradient river and investigated exchange flux at the
channel-floodplain interface. They developed a conceptual framework to predict floodplain flow
dynamics but did not account for varied floodplain vegetation conditions during floods or 3D
flow characteristics that may contribute to channel-floodplain exchange. Stone et al. (2017)
developed 2D hydraulic models to investigate the influence of hydrologic alterations on channel-
floodplain mass exchange fluxes and found floodplain topographic variability to heavily
influence channel-floodplain connectivity. Despite these informative studies, there remains a
knowledge gap regarding the influence of floodplain vegetation on the 3D flow field in
meandering compound channels and exchange flow at the channel-floodplain interface. This
knowledge gap leads me to present the objectives of this current study which I carried out
through a series of experimental flume runs in a meandering compound channel with varied

floodplain vegetation density:

e Objective 1. Investigate the influence of floodplain vegetation density on the three-
dimensional flow field within the channel and:

o (a) Describe the influence of flow depth and vegetation density on secondary
currents within the channel. Studies have described the reversal and weakening of
secondary flow currents in meandering compound channels with sand beds.
However, none have made observations in meandering compound channels with

bed material coarser than sand or with varied floodplain vegetation density. Here I
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present detailed measurements of the flow field within the channel and analyze

the nature of secondary flow within the channel.

o (b) Investigate the influence of the in-channel 3D flow field on shear stress
calculations by comparing a method where shear stress is computed using 3D
velocity measurements in the logarithmic region of flow near the bed and using
local depth-averaged velocity measurements.

Objective 2. Describe the influence of flow depth and vegetation density on the flow field
at the surface. To my knowledge, there are no previous flume studies that systematically
varied floodplain vegetation density in meandering compound flume experiments. Here I
use large scale particle image velocimetry, LSPIV, to characterize the surface flow field
across the floodplain and over the channel in scenarios including a bare floodplain, low-
density vegetation, and high-density vegetation at two flow depths.

I use these observations to analyze the influence of floodplain vegetation density
on channel-floodplain exchange flow and identify examples in the flow field near the
surface and within the channel. These observations and analysis provide new insights on
channel-floodplain exchange in the context of hydrologic connectivity, river restoration,

and river-corridor management strategies.
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3.2 Methods
3.2.1 Experimental setup

I performed flume experiments at the Colorado State University Engineering Research
Center (ERC), Fort Collins, Colorado, USA (see Chapter 2 for detailed description of
experimental setup). I constructed a 1-m wide meandering channel using expanded polystyrene
foam blocks inset in a 15.4-m long, 4.9-m wide basin (Figure 3.1). The channel had a crossing

angle of 30 degrees and the centerline followed a sine-generated trace defined by ¢ =
w sin (= 2m, where ¢ is the departure angle at location s along the curve, w is the maximum
[y P g g

angle of departure (30°), and M is the meander wavelength (7.85 m). The channel banks were
offset from the centerline to maintain constant width throughout the flume. The channel banks
were fixed, and the bed was composed of a mobile sand and gravel mixture (Dso=3.3 mm) which
was screeded flat to an initial slope of 0.005. General experimental parameters are listed in Table

3.1.

Table 3.1. Flume Parameters

Sinuosity (k)/Crossing angle 1.07/30°
Channel top width (m) 1
Initial channel bed and sediment feed D¢ (mm) 1.9
Initial channel bed and sediment feed Dso (mm) 33
Initial channel bed and sediment feed Ds4 (mm) 5.1
Valley slope (m/m) 0.005
Valley width (m) 4.87
Valley length (m) 14.63
Meander wavelength (m) 7.85
Cylindrical vegetation element diameter (cm) 2.67
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Seven flume runs were conducted over the course of the experiment at three relative

depths (D), such that D, = - hf_fh where hy), is the depth of flow on the floodplain and h, is the
fp™ic

depth of flow in the channel. I also tested three floodplain vegetation conditions. For a
description of the experimental parameters associated with each of the seven runs, see Table 2 At
both overbank flow depths, three floodplain cover conditions were simulated including bare,
low-density vegetation (3.0 stems/m?), and high-density vegetation (12.1 stems/m?) (Figure 3.1).
Vegetation was simulated as rigid emergent cylindrical elements 2.67-cm in diameter spaced
evenly across the floodplain. The geometric properties of the channel, floodplain, and vegetation
scale at 1:20, which is approximating the size of a small-to medium sized river with middle-aged
Cottonwood trees (Populus spp.) at spacings observed in Western North America (Friedman &

Lee, 2002).

Table 3.2. Flume Run Scenarios

Run Discharge Run Time Sgiggle;t Floodplain Vegetation ngleegge
0.04 m*/s 33.7 hr 5 kg/hr NA (bankfull)
0.08m%*s  46.1 hr 2.5 kg/hr 0 0.1
0.08 m*/s  27.3 hr 2.5kg/hr  Low — 3.0 cylinders/m? 0.1

0.08 m*/s 16.6 hr 2.5kg/hr  High—12.1 cylinders/m? 0.1
0.18 m*/s 26.8 hr 80 kg/hr  High — 12.1 cylinders/m? 0.25
0.17 m%/s 16.4 hr 65 kg/hr  Low — 3.0 cylinders/m? 0.25
0.16 m%/s 11.6 hr 60 kg/hr 0 0.25

~N N bW~

During each of the experiments, sediment from the same bulk supply as that used to fill
the channel during startup was fed into the channel at a rate matching observed sediment
transport as measured by dried mass accumulated in the tailbox following each run over total run

time. Flow and sediment feed rate were held constant to achieve quasi-equilbrium conditions
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during which the bed was neither aggrading nor degrading and channel slope remained constant.

Quasi-equilbrium conditions were determined by comparison of bed elevation change through

time. Once quasi-equilibrium conditions were reached, I collected measurements of the flow

field, bed topography, and sediment transport.

(b)
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Figure 3.1. (a) Experimental flume configuration. Flow direction is from top to bottom of photo.
(b) Bed material particle size distribution of sediment fed into the channel. (¢) Laboratory flume
channel configuration. Blue points represent locations at which I collected flow velocity
measurements. Cross-section locations are numbered. (d) Low density (3.0 stems/m?). (e) High

density (12.1 stems/m?)
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3.2.2 In-channel velocity measurements

I used the Nortek Vectrino Profiler, a profiling acoustic Doppler velocimeter (P-ADV), to
measure the flow field within the channel. The profiler was mounted to an equipment cart which
traveled the length of the flume and could be adjusted to take velocity measurements anywhere
within the basin and referenced to a local coordinate system (See Figure 3.1). The P-ADV
measures three-dimensional velocity at 200 Hz for 30 seconds in 30 1-mm-high increments
spanning a 3-cm vertical window where flow depth is greater than 4.5 cm. In areas where flow
depth was greater than the measurement control volume height, multiple stacked 3-cm velocity
profiles were captured with the P-ADV, measuring as much of the water column as possible. The
P-ADV is also capable of measuring the depth from the sensor to the bed and was used to verify
the structure from motion bed topography measurements (See Chapter 2). P-ADV measurements
were taken at 10 evenly spaced locations (0.91-m apart) through the water column for all 10

Cross sections.

I despiked the profiler data using the method outlined by Goring & Nikora (2002) and
modified by Mori et al. (2007). Because the flow depths were often less than 4.5 cm or near the
channel banks, I processed the profiling ADV data by filtering the data to remove samples
associated with low signal-to-noise-ratio (SNR), low correlation, or other uncharacteristic spikes
was necessary using the Multi-Instrument Turbulence Toolbox (MacVicar, 2023). I performed a
first-pass filter by removing measurements with beam correlation values lower than 60%, or

SNR values less than 15 dB following a similar procedure outlined by MacVicar et al. (2014).

3.2.3 Shear stress calculations
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I compared two methods to calculate average bed shear stress. First, [ used a single-
velocity calculation method described by Wilcock (1996) and Dietrich & Whiting, (1989). In
shallow flows where a full velocity profile could not be measured, a single velocity measurement
in the logarithmic region can be used to estimate shear stress, t, with the law of the wall

u(z) =%ln (;) (1)

0

where u(z) is the velocity magnitude at a height z above the bed, u, is the shear velocity,

K is the von-Karmann constant, taken here to be 0.4, and z, is the roughness height, estimated

3Dgy
30

here to be , Where Dg, is the grain size for which 84% of the bed material is finer after

Dietrich & Whiting, (1989) and Wilcock, (1996). I computed the shear velocity for all points at

height z within the region where a logarithmic velocity profile is likely to occur such that
3Dgy, <z < % I then solved Equation 1 for u,, and calculated shear stress, 7 as:
T = pul. (2)

where p is the density of water (1000 kg/m?). I then took an average of these computed shear

stress values within the logarithmic region.

The second method I used to estimate shear stress used a single depth-averaged velocity

measurement, U, and calculated shear stress as T = pCrU 2 where p is the density of water and

Cr, is a roughness coefficient calculated using the Manning-Strickler approximation given by

1172 A3)
o -[o )

where H is local depth, o, = 8.1 (Parker, 1991), and h, = 2.95Dg, (Whiting & Dietrich, 1990).
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3.2.4 Surface velocity measurements

Due to the shallow flow conditions on the floodplain, I made surface velocity
measurements using large scale particle image velocimetry (LSPIV), a technique that uses tracer
displacement from image sequencing which is being used with increasing frequency in
laboratory flumes and natural rivers (Fakhri et al., 2020; Legleiter & Kinzel 111, 2021; Legleiter
& Kinzel, 2020; Strelnikova et al., 2020). I applied LSPIV computations using the Fudaa-
LSPIV software (Le Coz et al., 2014). I used color images sequenced from 30 fps video,
captured at 3840- by 2160-pixel resolution (4K) with a fixed zoom, at approximately 3-m above
the floodplain surface. I used small circular paper tracers that were 6-mm in diameter. During
each LSPIV data collection period, I scattered the tracers at the upstream end of the flume and
pointed the camera at a slightly upstream oblique angle (~15 degrees from nadir) to capture the
half-meander of interest centered within the frame. Following the tracer tests, I orthorectified the
images and referenced them to the local coordinate system using eight surveyed control points on
the left and right walls of the flume near the water surface. The orthorectification process
produced distortion error of less than 1 cm for each sequenced image. I then applied a
rectangular grid with 0.2-m spacing where LSPIV computations would be performed. At each
grid point, surface velocity was computed through time-series correlation comparison of pixels
within a region that would capture displacement of particles between sequential photo frames.

The displacement of tracers or similar pixel clusters divided by photo frame rate is their velocity.

Once results were computed for each image pair, [ applied a correlation filter of 0.6,
minimum velocity filter of 0.02 m/s, and maximum velocity filter of 1.5 m/s to correct for

erroneous data and remove computed velocity vectors when no tracers were present in the
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reference region following procedures described by Fakhri et al. (2020). In reference grid cells
where a reflective glare was present or vegetation elements were located, Fudaa-LSPIV was
unable to successfully compute surface velocities, so I also removed those data from my
analyses. Finally, I time-averaged the velocity vectors across each of the 899 image pairs to

visualize the surface flow field.
3.2.5 Channel-floodplain exchange flow

I followed a similar procedure as Czuba et al. (2019) to investigate channel-floodplain
exchange flux with slightly modified notation suited to my experimental procedure. To measure
channel-floodplain exchange fluxes I analyzed the LSPIV surface velocity measurements and
estimated depth-averaged velocity and unit discharge across the channel-floodplain interface.
Because the profiling ADV could only measure velocities at least 3-cm below the surface, I was
unable to measure the complete velocity profile of shallow flows over the floodplain. A
reasonable approximation of depth-averaged velocity for shallow flow can be determined using
the coefficient, @, where @ = v/U, v is the surface velocity vector, and U is the depth-averaged
velocity vector. Here I take a to be 0.85 after Johnson & Cowen (2017) and Rantz (1982). I then
performed a nearest neighbor search at coordinate pairs 3-cm outside of the channel-floodplain
interface along the left and right banks to locate the most proximal LSPIV-derived depth-
averaged velocity vector. [ used 3 cm onto the floodplain, perpendicular to the channel
centerline, to exclude velocity vectors located within the channel during the nearest neighbor
search. Each point along the left and right banks was spaced at 0.4-m increments in the
downstream direction. I then computed the bank unit discharge, gZ, at each point at downstream
distance, s, with superscripts L or R indicating the left or right bank, respectively. The equation

for bank unit discharge was
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qs = UShg )

where h is the depth of flow over the floodplain at each point. I then computed the unit exchange
flow, g at location (s, B) as the dot product of the bank unit discharge and the unit normal

vector at distance s, and bank B, as

)
“t
Il

=

“t
)

4w

)

where 71 is the unit normal vector perpendicular to the channel centerline and oriented away from
the channel such that positive unit exchange flux at the right bank would indicate flow exiting
the channel, and negative unit exchange flow at the left bank would indicate flow entering the
channel. This unit exchange flow can be interpreted in terms of local momentum flux patterns

along the channel-floodplain interface since the unit exchange vector scales with momentum.

To investigate reach mass balance through channel-floodplain exchange flows and the
influence of floodplain vegetation I then integrated the unit exchange flow over the half meander

of interest, such that

uz (©)

where §5 is the half-meander-averaged unit exchange flow at the left or right bank, M is the

meander wavelength, §Z(s) is the unit exchange flow at downstream distance s. We discretized
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this integral such that ds = As, where As is the incremental downstream distance (0.4-m). The

discretized equation can be written as

(7

-Q)‘

1 n
= — a8 A
M2 Z 25
=1

=5 . M. .
where §P8 is the reach half-meander-averaged unit exchange flow, S 18 the streamwise length of a

half meander, n is the number of locations where unit exchange flow is computed through the

half meander, and with index i.

To further investigate channel-floodplain exchange and surface-in channel flow
interaction, I quantified the influence of the shear layer shown to develop at bankfull height
where surface flows exchange energy with in-channel flows. Liu et al. (2016), Naghavi et al.
(2022), and Shiono et al., (2009a) made observations that the horizontal shear layer is influenced
by floodplain roughness and this occurs as water flows from the floodplain over the channel at a

different velocity and angle compared to in-channel flows.
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3.3 Results

At D, = 0.1, the discharge, as reported by the digital output of the in-line flow meter
upstream of the flume, was the same for all three floodplain roughness scenarios (Runs, 2, 3, and
4), (See Figure 3a). At D, = 0.25, discharge was highest for the unvegetated run (Run 7) and

lowest for the dense vegetation run (Run 5).

Measured sediment transport rates increased with discharge for all relative depths (Figure
2b, see discussion in Chapter 2). At bankfull depth, sediment transport reached equilibrium at 2
kg/hr. During the D,, = 0.1 runs, sediment transport was 5, 7, and 15 kg/hr for the bare, low-
density, and high-density vegetation conditions. During the D,. = 0.25 runs, sediment transport
was 40, 60, and 70 kg/hr for the bare, low-density, and high-density vegetation conditions. A
detailed description of sediment transport measurements and bed adjustment over the course of

the experiments is given in Chapter 2.

Sediment transport (kg/hr)
N

Figure 3.2. (a) Relative depth vs discharge. Shaded regions represent the range of flow
measurement fluctuations reported in digital readout of flow gage. (b) Equilibrium sediment
transport rate trend for all runs.
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3.3.1 In-channel flow field
3.3.1.1 Run 1

At bankfull flow, Run 1, I observed classic meandering channel flow. The high velocity
core shifted from left bank to right bank through the bend and helical flow developed with cross-
stream flow oriented to the right at cross section 1 and cross-stream flow oriented to the left at
cross section 10 (Figure 3.3 and Supplementary Figure A4). The secondary flow field was

coherent following patterns described in the literature (Dietrich et al., 1979).
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Figure 3.3. Flow field during Run 1, bankfull flow. (a) Cross section 1. (b) Cross section
5. (c) Cross section 10.
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3.3.1.2 Run 2

As Tincreased flow to D; = 0.1, with a bare floodplain (Run 2), the secondary flow
structure became less coherent and the high velocity core became concentrated to a smaller area
(See Figure 3.4a and 3.4c). Small secondary circular flow structures were dispersed through the
velocity profile suggesting that shearing flows at bankfull height induced small helical cells, but
weakened the larger secondary flow cell that often extends through the water column at the pool

at bankfull depth. See Suplemental Figure A2 for flow field at all 10 cross sections during Run 2.
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Figure 3.4. Run 2, D,. = 0.1, bare floodplain. (a) Cross section 1. (b) Cross section 5. (c)
Cross section 10.
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3.3.1.3 Run 3

During Run 3, as emergent stems were placed on the floodplain at low density and D, =
0.1, the secondary flow structures became slightly more apparent and high velocity cores slightly
more concentrated (See Figure 3.5). I observed two cores of high streamwise velocity from
cross-section 6 through 10, one near the channel centerline, and one near the thalweg at the right

bank through the pool (See Figure 3.5 and Supplemental Figure A3).
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Figure 3.5. Run 3. D,. = 0.1, low-density vegetation. (a) Cross section 1. (b) Cross section 5. (¢)
Cross section 10.
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3.3.1.4 Run 4

At high floodplain vegetation density (Run 4, D; = 0.1), from cross-sections 1 through 3,
helical flow enhanced the formation of a pool with an adjacent steep transverse bar slope (Figure
3.6). Farther downstream, a layer of low streamwise velocity appeared spanning roughly the
width of the channel and persisted through the bend (See Supplemental Figure A4). Lateral and
vertical velocity measurements were also low in this low velocity layer. Near bed velocities
through the pool followed a pattern similar to those during the bankfull run strongly oriented

away from the right bank toward the bar (Figure 3.6c and 3.6d).

3.3.1.5Run 5

During Run 5 (D: = 0.25, high vegetation density) the secondary flow field is coherent
through all 10 cross sections following a distinctly helical pattern (Figure 3.7). The high velocity
streamwise core follows a pattern similar to that characteristic of bankfull flow run shifting from
right to left bank through the bend with a secondary circular flow cell visible in the pool (Figure
3.7¢). The flow field is much more organized suggesting that the helical flow pattern retains
strength and that the low velocity flow coming off the floodplain has less influence than at low

vegetation density and bare floodplain conditions (See Figure 3.7).
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3.3.1.6 Run 6

During Run 6 (D: = 0.25, low-density vegetation), a visible horizontal shear layer extends
into the channel resulting in low velocities in cross sections 3 and 5 (Figure 3.8 and S6). In the
crossover region, floodplain flow reentering the channel appeared to enhance the clockwise-
oriented secondary flow cell (Figure 3.8c). Similar to the D; = 0.1 run with low-density
vegetation, two distinct high streamwise velocity cores and multiple large secondary flow cells
were present at cross sections 7 and 8 (See Figures A4 and A6). By cross sections 9 and 10, the
surface velocity flowing off the floodplain over the channel transfers energy to the in-channel
flow field dissipating the secondary flow cell which loses its coherent structure becoming quite

irregular at cross section 10 (Figure 3.8d and A6).

3.3.1.7Run 7

During Run 7 (D: = 0.25, bare floodplain), a layer of low velocity is present across the
width of the channel from cross section 2 through 5 (See Figure 3.9b and A7). As floodplain
flows enter the channel near the left bank, a circular flow cell develops extending from cross
sections 1 to 3 (See Figure A7). At cross section 3, high cross-channel velocity is present near
bankfull height, likely result of the high surface velocities entering the channel from the
floodplain. A circular current spanning the depth of the channel develops through the pool at the
right bank but becomes less coherent through cross-sections 9 and 10 (See Figure 3.9d and S9).
In cross-sections where the secondary current is present, high velocity cross-stream surface flows
align with the classic meandering helical flow pattern, but near the bend apex (XS 9 & 10), the
surface flow coming off the floodplain shears across the surface diffusing the flow pattern and
produces a much more irregular distribution of streamwise, lateral, and vertical velocity

components by cross section 10 (see Figure 3.9d).
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3.3.2 Shear stress

I applied two methods to estimate shear stress within the channel and investigate the
influence of the highly three-dimensional flow field in meandering compound channels on shear
stress estimates. I used the Manning-Strickler approximation with local depth-averaged
velocities and an average of computed shear stress values within the logarithmic velocity region
near the bed using the law of the wall. In general, the Manning-Strickler approximation for shear
stress using depth-averaged velocities estimated lower boundary shear stress than using the law
of the wall, although the spatial distribution of regions of high shear stress was similar for
calculation methods using both depth-averaged and near-bed velocity measurements (See Figure
3.10). For the D; = 0.1 runs, the region of high shear stress followed the thalweg shifting from
the pool at the left bank to the pool at the right bank. However, for the D, = 0.25 runs, a region of
high shear stress developed near the left bank in the crossover region where water flows off the

floodplain into the channel.

For all three floodplain cover scenarios, this zone of high shear stress in the crossover region
exceeded shear stress within the pools. During Run 7, with a bare floodplain and high floodplain
velocities, the shear stress near the left bank was near zero, however, for low- and high-density
vegetation (Run 6 and 5), shear stress near the left bank increased. This may be due to turbulent
flow structures which result from a strong vertical shear layer where low velocity flow through

vegetated floodplains encounters high-velocity surface flows within the channel.
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Figure 3.10. Shear stress distribution estimates for D, = 0.25 runs calculated with the
Manning-Strickler approximation (a-c) and law of the wall (d-f) to measure the influence of
3D flow structure. (a) Bare floodplain. (b) Low density vegetation (¢) High density
vegetation. (d) Bare floodplain. I Low density vegetation. (f) Figh density vegetation.
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3.3.3 Surface flow field

As described in Section 2.3, I measured surface velocity both in the channel and on the
floodplain through the half meander of interest using LSPIV. During all three runs at D; = 0.1

(Figure 3.12a-c), the highest velocities across the surface occurred within the channel.
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Average surface velocities over the floodplain were lower than in-channel velocities for
Runs 2, 3, and 4 regardless of floodplain cover. With a bare floodplain (Run 2) the average
surface velocity measured within the channel was 0.37 m/s. With low density vegetation (Run 3)
the average surface velocity measured within the channel increased to 0.43 m/s, and at high
vegetation density (Run 4) the average velocity within the channel was 0.43 m/s. The higher
velocities measured within the channel suggest that conveyance was higher within the channel
with vegetated floodplains. It should be noted that although there appear to be patches of low
surface velocity in the floodplain in Figure 3.12a and 3.12f, surface velocity was generally
uniform across the floodplain but poorly estimated using LSPIV because of camera orientation

and glare on the water surface when images were captured.

During Run 7, (bare floodplain, D,. = 0.25) surface velocities were high both in the channel
and over the floodplain. Floodplain and in-channel surface velocities were very similar at 0.63
and 0.61 m/s during Run 7. The average surface velocity across the densely vegetated floodplain
(Run 5) was 0.23 m/s, significantly lower than average surface velocity within the channel of
0.47 m/s. A similar difference in surface velocities over the floodplain and in the channel was

seen for the low-density vegetation case (Run 6) at 0.19 m/s versus 0.45 m/s.

Increasing floodplain vegetation density at both D, = 0.1 and D,- = 0.25 produced a
steering effect of flows within the channel that I observed visually and quantified by measuring
the difference of flow angle at the surface and below bankfull height (Figure 3.13). This steering
effect was not as clear at D, = 0.1, but with dense vegetation, the surface flow closely follows the
orientation of in-channel flow and the angle difference is close to zero through the cross over

region (s=8.5tos=11).
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3.3.4 Channel-floodplain exchange flow

I measured the hydrodynamic interaction of in-channel and floodplain flows by
computing unit exchange flow across the left and right banks. A graphical representation of this
exchange flow computation and results is depicted in Figure 3.14. Generally, flux across the left
bank was greater than at the right bank in this experiment due to the meander direction. I
observed that at low relative depth, D, = 0.1, the unit exchange flow across the left and right
banks was similar for all floodplain vegetation conditions, all within 0.0005 m?/s (See Figure
3.14). In Figure 3.14, positive unit exchange flow represents flux out of the channel, thus

negative values were measured for the right bank as flow exits the channel onto the floodplain.

At D, = 0.25, unit exchange flow increased in magnitude for all vegetation conditions and
was significantly greater for the bare floodplain scenario (Run 7), reflecting the high velocities
and exchange flows entering and exiting the channel throughout the bend. With high density
vegetation (Run 5), unit exchange flow across the left bank was 4.3 X 10~3 m?/s greater in
magnitude than the low density vegetation at 2.5 X 10™3 m?%/s, however, this was reversed at the
right bank with low density vegetation having a slightly higher value, 1.6 X 10~3 m?%/s, than the

high density vegetation run at 1.5 X 1073 m%s.
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3.4 Discussion

3.4.1 In-channel flow field

I discuss three primary mechanisms which are responsible for large-scale 3D flow
structures observed in the channel, each of which are highly dependent on relative flow depth
and vegetation density: the vertical shallow mixing layer at bankfull height along the channel-
floodplain interface (red faces in Figure 3.15, labeled (1)), the horizontal shallow mixing layer at
bankfull height over the channel (yellow faces in Figure 3.15, labeled (2)), and helical flow
structure induced by channel meanders and bar-pool topography (blue lines in Figure 3.15,

labeled (3)).

Figure 3.15. Schematic displaying regions of interest with respect to interactions of
channel and floodplain flow influenced heavily by floodplain vegetation. (1) Vertical shallow
mixing layer at channel-floodplain interface. (2) Horizontal mixing layer at bankfull height. (3)
Helical flow within the channel through the meander bend.
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At D, = 0.1, the helical flow field characteristic of meandering channels was dampened
with secondary circular velocities less coherent, as a result of interactions with flows entering
and exiting the channel (See Figures A2, A3, A4). This was apparent for the bare, low density,

and high-density floodplain vegetation scenarios (Run 2, 3, and 4).

During the high-vegetation-density case at high relative depth, the helical flow structure
remains intact through the bend enhanced by the steering of flows by the dense vegetation. By
flow steering, I suggest that flows within the channel remain in the channel, with greater relative
in-channel conveyance. The width of the mixing layer induced by the vertical shear interface
where the channel meets the floodplain (See Figure 3.15, Element 1) is likely influenced by
Reynolds stresses due to the sharp velocity gradient at the channel-floodplain interface similar to
observations made by Dupuis et al., (2017b, 2017a) in a straight compound channel with
vegetated floodplains. The relative influence of the vertical shear layer on in-channel flow
structure likely increases with vegetation density which is supported by the increasingly sharp
gradient in floodplain-vs-channel surface flow magnitude and orientation with vegetation density
(i.e. Figure 3.12f). This vertical shear layer is likely weak during the unvegetated scenario (see
Figure 3.12d) because, because floodplain and in-channel surface velocity vectors share similar
orientation. However, it appears that this vertical shear layer does not dampen the helical flow
that was most coherent with high-density vegetation, and its influence on general flow patterns

may be small relative to the horizontal shear layer at bankfull height.

Mixing layer turbulent diffusion at bankfull height (Figure 3.15, Element 2) appears to be
responsible for the decreased coherence of secondary flow structure for unvegetated floodplains.

This diffusion largely occurs along the cross over region (XS 3-7) for runs 2-7. As the channel
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centerline becomes aligned with the downvalley direction, lateral and vertical velocities
decrease, and the flow field becomes largely composed of small, weak turbulent flow structures
until the bulk of flow approaches the outside bank and centrifugal acceleration drives flow down
and inward where larger time-averaged coherent structures are once again visible. The strength
and width of the shallow mixing layer at bankfull height is largely dependent on relative depth,
and depth of flow within the channel due to turbulence generated near the bed. I suspect that for
low sinuosity channels such as this experimental setup, as D, exceeds 0.25, the strong turbulent
diffusion due to the mixing layer at bankfull height will likely overpower meandering helical

flow currents and bar-pool relief will decline.

3.4.2 Shear stress

In Chapter 2, I discuss the difference in sediment rating curve in these experimental
observations compared with observations made by others in meandering compound flume
experiments (Karamisheva et al., 2006; Lyness et al., 2001; Shiono et al., 2009a; Wormleaton et
al., 2004) and suggest that planform strongly influences sediment transport capacity. In this
chapter, I analyze the flow field to further investigate the monotonic increase in sediment
transport above bankfull flow. Of particular interest are the observations of the flow field and
calculated boundary shear stress during Runs 2, 3, and 4. Spatially distributed shear stress
averaged over the half meander was similar at D, = 0.1 for all floodplain scenarios compared to
the bankfull depth run, average shear stress during Run 4, high vegetation density, was greater
than the average shear stress at bankfull, Run 1, and average shear stress during Run 2 and 3,

was slightly lower.

These observations support the hypothesis made in Chapter 2 that in a low sinuosity flume at

overbank depths, transport capacity of sand and gravel will be greater than at bankfull flow.

97



Although it is apparent that at D, = 0.1 the coherent three-dimensional flow structure is altered
due to surface flows interacting with the in-channel helical flow field, for low sinuosity channels,
that energy loss is minimized as the surface flow field is more closely aligned with the channel
centerline than in high sinuosity channels. At D, = 0.25, sediment transport was much higher
than bankfull for all three floodplain cover conditions. I recommend further investigation into the
character of the horizontal shear layer which develops at bankfull height in meandering
compound channels with vegetated floodplains with varied sinuosity and suggest that there may
be a threshold sinuosity where at low D, transport capacity shifts from less than bankfull to

greater than bankfull.

3.4.3 Surface flow field

At D, = 0.1, flow velocity across the floodplain was low for each vegetation
configuration. Drag force exerted by vegetation has been shown to scale with the square of the
approach velocity and frontal area (Albayrak et al., 2014; Diehl et al., 2017; Nepf, 1999; Vargas-
Luna et al., 2015, 2016; Vogel, 1989), both low at low relative depths. Because of this, channel-
floodplain exchange flow was low for all vegetation configurations at low relative depth.
However, as flow depth increased, the difference in surface velocities was much more strongly
driven by floodplain vegetation density as the drag force exerted by vegetation was significantly
greater for high the high-density vegetation scenario. Channel floodplain exchange flux was
highest for the bare floodplain scenario and surface flows remained oriented in the downvalley
direction even over the channel. The high-vegetation-density scenario attenuated channel-

floodplain exchange flow as energy was dissipated by flow passing through the floodplain.

3.4.4 Floodplain exchange flow and relevance to natural channels
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Although for decades it has been generally understood that channel-floodplain
connectivity and complex hydrodynamic conditions present during floods support critical
riparian processes, recent studies have emphasized the lack of research quantifying the physical
effect of biological elements such as large woody vegetation on in-channel flow field and thus
bed altering shear stress. Some research has studied and predicted the response in vegetation
succession to varied flow regimes (i.e. Benjankar et al., 2011), others have developed analytical
models to predict channel response to increased hydraulic roughness and mechanical
stabilization of floodplain vegetation (i.e., Crosato & Saleh, 2011); however, I am not aware of
any studies investigating the three-dimensional hydrodynamic mechanisms responsible for
channel-altering stresses and flux attenuation in response to varied floodplain vegetation density
and directly linking those mechanisms to riverscape sustaining hydrologic processes. I show that
high density floodplain vegetation may enhance or promote conditions that maintain riparian

habitat and attenuate floodplain fluxes.

At the reach scale, floodplain vegetation attenuates channel-floodplain fluxes by
decreasing floodplain flow velocity. Within the active channel, the bed can morphodynamically
respond to high conveyance and shear stress due to flow steering through the development of
complex bedform topography such as bar-pool relief and increased hydraulic roughness. An
unvegetated floodplain exposed to high stresses and high velocities has low hydraulic roughness

poorly attenuating flood waves. This may increase risk of damage to downstream communities.

Floodplain vegetation plays an important role in enhancing aquatic habitat. The
hydrodynamic interaction of floodplain vegetation and floods also enhances aquatic habitat as
secondary currents likely contribute to cleaning gravels of fine particles and organic material

exposing gravel beds suitable in riffles and pools for spawning salmonids (Tonina & Buffington,
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2007), enhancing habitat for macroinvertebrates (Garcia et al., 2012). High vegetation density
essentially has the capability to magnify the work done by low overbank flows required to
maintain aquatic habitat. Although I did not specifically quantify lateral shear stress at the left
and right banks, the enhanced secondary currents, and high velocity core exert strong channel
altering forces necessary to cause channel migration promoting diversity in geomorphic features
within a channel, a feature generally acknowledged as beneficial to riparian organisms (Poff et
al., 1997; Resh et al., 1988; Sparks et al., 1990). A natural hydrologic regime, with regularly
recurring floods maintains and sustains important habitat in pool-riffle habitat maintenance

(Duffin et al., 2023).

3.5 Conclusion

The presence of dense floodplain vegetation alters meandering compound channel flow
by attenuating channel-floodplain exchange flow, retarding floodplain flow velocity, and steering
flow within the channel such that the three-dimensional helical flow field becomes enhanced
during floods at high relative depth. The size and persistence of coherent turbulent flow
structures within the channel are enhanced or diminished as a result of a strong horizontal shear
layer at bankfull height and a vertical shear layer at the channel-floodplain interface. These
hydrodynamic characteristics may be beneficial to humans living near rivers as the destructive
energy of flood waves is attenuated and to aquatic organisms as in-stream hydraulic and
geomorphic conditions maintain critical in-stream habitat. I come to this conclusion through
analysis of observations made in a meandering compound flume experiment where flow depth
and rigid-emergent floodplain vegetation density were varied over the course of seven
experimental runs. In comparing these observations with other meandering compound flume

experiments I suggest that planform or meander sinuosity may also produce hydrodynamic and
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geomorphic feedbacks as floodplain vegetation density is varied and recommend further
investigation into the influence of planform and vegetation density on meandering compound

channel hydrodynamics.

These results also show that meandering compound channel flow is highly three-
dimensional. The presence and strength of secondary currents within the channel is significantly
influenced by floodplain vegetation density. Further work to incorporate the knowledge gained
through this analysis by developing relationships that can be applied to 2D hydraulic models
would be beneficial in river engineering analysis and design. For river and land use managers
hoping to incorporate the influence of biological drivers (such as rigid vegetation) in river

planning, additional tools, and studies such as this may provide support to approach challenges.
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CHAPTER 4: MODELING THE INFLUENCE OF RIGID VEGETATION ON

CHANNEL-FLOODPLAIN CONNECTIVITY

4.1 Introduction

Many river channels have historically been modified for flow regulation, transportation,
and conveyance (Elosegi & Sabater, 2013; McCluney et al., 2014; Wohl, 2019). This has been
achieved through channel modifications such as altered cross-section and planform geometry and
by constructing flood mitigation infrastructure such as levees and dams (Boulange et al., 2021;
K. J. Gregory, 2006; R. L. Knox et al., 2022; Kondolf, 1997; Nilsson et al., 2005) resulting in
hydraulically disconnected channel-floodplain systems (R. Knox et al., 2021; Thoms, 2003;
Wohl, 2017). Many studies have shown that floods that occasionally interact with the floodplain
provide important ecosystem services (Poff et al., 1997) including nutrient cycling (Baldwin &
Mitchell, 2000; Olde Venterink et al., 2006), habitat provisioning (Benke, 2001; Junk et al.,
1989), and aquifer recharge (Helton et al., 2014; McCallum et al., 2014). Floodplains also serve
to attenuate flood pulses as water spreads out and is slowed during high flows (Lininger &
Latrubesse, 2016; Sholtes & Doyle, 2011).

Vegetation and other land cover types influence the ecosystem services provided by
floodplains and alter channel geomorphology. Vegetation provides important riparian habitat for
birds and other animals (Nilsson & Dynesius, 1994), improves water quality (Dosskey et al.,
2010), stabilizes banks (S. Gregory et al., 2019; Henriques et al., 2022; Ielpi & Lapdtre, 2020),
and slows flow as it exits the channel during floods attenuating flood wave propagation
(Anderson et al., 2006). This biophysical flood mitigation may ease the increased pressure on

constructed flood mitigation infrastructure. These benefits and the recognized importance of
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floodplains encourages managers to view riparian zones holistically as river corridors (Harvey &
Gooseff, 2015), incorporating the influence of biological, geomorphic, and hydrologic dynamics
across the active channel, floodplain, and hyporheic zone. An expanded view of river corridor
processes requires the expansion of tools and resources to analyze and predict overbank
hydrodynamics.

Increasing availability of remotely sensed data such airborne LiDAR, drone, and satellite
imagery make hydrodynamic modeling and analysis of biogeomorphic river corridor
characteristics feasible, yet there remains a marked lack of widely used tools to quickly and
accurately classify vegetation characteristics that influence hydraulic roughness parameters. In
scientific disciplines such as agriculture and forestry, researchers have developed analytical
methods that may be suitable for river scientists, particularly for classifying large rigid trees
characteristic of floodplains. These large trees strongly influence the exchange of water and
nutrients between the channel and floodplain, but the extent to which floodplain vegetation
controls the exchange of flow is poorly understood.

Floodplain flow is inherently complex due to the varied nature of land cover types such
as vegetation which exert spatially varied drag forces that are a function of physical vegetation
characteristics and flow depth. Flow through vegetation has been characterized as submerged and
emergent with two distinct vegetation categories, flexible and rigid. The flow resistance exerted

by cylindrical vegetation elements has been described quantitatively as

1
F ZEPCDACUZ (1)

where p is fluid density, Cj, is a drag coefficient, A, is the characteristic plant area, and U =

approach velocity. A is often defined as the frontal projected area, and the Cp, depends on the
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Reynolds number, but in the case of cylindrical rigid stems, a value of 1 is commonly used for
Cp (Baptist et al., 2007; Nehal et al., 2012) and this value is used in the modeling scenarios in
this study.

Many studies have been performed to improve our ability to quantify vegetation
characteristics, and estimate drag exerted on the flow field through numerical and laboratory
simulations (Aberle & Jéarveld, 2013; Box et al., 2022; Nepf, 1999). Luhar & Nepf (2013)
performed physical modeling experiments to quantify hydraulic roughness due to vegetation and
developed the following equation to estimate Manning’s roughness coefficient as a function of

frontal area, drag coefficient and flow depth

1/2
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where n is Manning’s roughness coefficient, K, is a Manning’s constant to adjust for units (1.0
for SI and 1.49 for US units), a is projected frontal area, and h is flow depth. Baptist et al. (2007)
proposed an approach for rigid vegetation based on Chezy coefficient as a function of stem
density, stem diameter, flow depth, and an estimate of roughness due to the bed.

Recently, due to the increased availability of remotely sensed data, many studies have
proposed methods to quantify vegetation characteristics, particularly in the forestry science
literature. These studies can provide effective tools to estimate vegetation characteristics useful
for parameterizing hydraulic roughness coefficients such as Manning’s coefficient. For example,
Zhu et al. (2018) classified vegetation characteristics such as wood or leaf using trained
classification models and terrestrial LIDAR (TLS) survey data. Isibue & Pingel, (2020) estimated
diameter at breast height (DBH) of single trees using both structure from motion (SfM)

photogrammetry and aerial LIDAR. Windrim & Bryson, (2020) used deep learning to detect,
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segment, and model fit individual tree stems. Hershey et al. (2022) developed a voxel-based
approach to detect individual tree stems using airborne LiDAR in dense mature forests.

In Chapter 3 of this dissertation, I analyzed the 3D flow field in a meandering compound
channel and the influence of rigid floodplain vegetation. The results showed that (1) in-channel
secondary currents are strengthened with floodplain vegetation density, (2) a depth-averaged
approach to estimate shear stress predicts lower values than an approach that incorporates the 3D
nature of flow near the bed, and that (3) channel-floodplain exchange is significantly attenuated
with high-density floodplain vegetation vs. low-density vegetation or a bare floodplain. Given
the fact that flow through rigid vegetation is highly three-dimensional and being compelled by
the disparity in shear stress estimates using two approaches, I conducted the following numerical
experiments to see if a 2D model produces similar flow dynamics to the results presented in
Chapter 3.

Through these hydraulic modeling experiments, I aim to improve our understanding of
the influence of floodplain vegetation on channel-floodplain flow dynamics, demonstrate the
utility of remote-sensing tools to quickly characterize floodplain vegetation characteristics to be
used in hydrodynamic modeling, and assess 2D hydraulic model output in the context of physical
modeling studies. To my knowledge, there are no studies that have conducted 2D hydraulic
modeling studies compared with controlled physical modeling experiments regarding the
influence of floodplain vegetation on flow dynamics and channel-floodplain connectivity. I

outline the specific objectives below:

e Objective 1: Asses the suitability of TreeLS, a LIDAR point cloud processing tool, for

detection and classification of trees on the floodplain of the Butokamabetsu River, the
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site of ongoing research investigating the role of channel-floodplain connectivity in
ecosystem dynamics (Uno et al., 2022). [ use TreeLS to develop a raster map of stem
density and average stem diameter to compute Manning’s roughness coefficient to be

used in Objective 2.

e Objective 2: Investigate the influence of floodplain vegetation density on channel-
floodplain exchange flow using a 2D hydraulic models. I test four floodplain roughness
scenarios that are developed using a range of vegetation densities comparable to the

physical modeling study presented in Chapters 2 and 3.

e Objective 3: Assess the effectiveness of empirically derived equations for predicting flow

resistance due to varied vegetation density in a natural channel.

To achieve Objective 1, I processed LiDAR point cloud data using the TreeLS R package.
The TreeLS package functions detect, segment, and apply a cylindrical best-fit function to
estimate tree height and diameter at breast height. I then computed stem density and developed
raster maps of tree characteristics. I then applied an empirical formula to estimate Manning’s
coefficient due to the rigid emergent vegetation. To achieve Objective 2, I simulated four channel
and floodplain roughness scenarios with varying floodplain vegetation densities and computed

channel-floodplain exchange flow at the left and right banks.
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4.2 Site description

The Butokamabetsu River is located in the Hokkaido University Uryu Experimental
Forest in Northern Japan (See Figure 4.1). The main channel is approximately 10-m wide and
there are many side channels that become inundated at flows with an approximately 1-year return
interval. Many of these side channels may be hydrologically connected to the main channel via
hyporheic exchange at all flows but become connected via surface flow at various stages of the
annual hydrograph during flood resulting in unique aquatic organism communities that are
isolated in small pool habitats during parts of the year. A gradient of hydrological connectivity to
the river exists among waterbodies on the floodplain (Uno et al., 2022). Investigating the flows at
which these side channels and pools become connected via surface flow provides insight into
ecosystem dynamics and biodiversity associated with channel-floodplain connectivity.

Floodplain vegetation through the river corridor is composed of large deciduous trees
such as alder (A/nus japonica) and Japanese white birch (Betula platyphylla). A shrubby broad-
leaf bamboo (Sasa senanensis) is also common. Peak flows typically occur in the autumn with
heavy rains and during spring time following winter snowmelt (See Figure 4.2d). A flow gauge is
located on the Butokamabetsu River near the study site upstream of Lake Shumarinai, which
covers approximately 23.7 km? and is impounded by the Ury Dam, forming the only reservoir in
Hokkaido. The Butokamabetsu River is the location of intensive long term forest monitoring
with a gauging record that extends back to 1987. A 1.5-year return interval flow has a discharge
of 19.9 m*/s. The maximum recorded flow in the period of record is 107.6 m?/s.

The study site has been separated into three reaches for analysis (See Table 1, and Figure
4.1). These three reaches have been monitored as part of an ongoing ecohydrological research

project. Reach 1 is the lowermost reach at an elevation of 294-m at the downstream extant and
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has valley length of 452 m. Reach 2 is the middle reach at 312-m in elevation and has a valley
length of 526-m. Reach 3 is the upper reach at 363-m elevation and has a valley length of 602 m.
Table 4.1. Site characteristics for each of three modeled reaches

Mean Raster Mean Raster

Channel Channel Valley Floodplain =~ Vegetation

Reach  Width  Length Length (Snllcjﬁle) Sinuosity  Vegetation Stem
(m) (m) (m) Density Diameter

(stems/m?) (m)

1 12.0 494 452 0.005 1.09 0.02 0.10

2 10.0 596 526 0.006 1.13 0.04 0.13

3 11.5 649 602 0.011 1.08 0.09 0.17
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Figure 4.1. Site map. LiDAR data was collected at each of the three reaches shown in the figure
where floodplain vegetation characteristics were measured. Floodplain vegetation hydraulic
roughness maps were developed for all three reaches and hydraulic modeling conducted.

120



Q
1

100 |
a :
g =3 E

80 [ i E
S

]

60 | s« ¥ ]

40 & 1

Flow rate (m?’.’s)
8
@)

30

10° 10’ 10?
Return internal (yrs)

e

60 T T T T T T
(b) Min
25 Percentile
50 - - 50 Percentile | |
75 Percentile
Max
40 “|
—~ I
4 [
E'DE ‘ |
=30 } |
z |
=) [
LL |l
Il
20+ ‘ | 4
IlI
Ih, | |
tar \ | | \ TN/
I|'I| ‘ '1 i . \
i‘.l‘ | ‘L \ ” J'."J\_.' \l i ]|‘,,| | \
Y W VAUV ST ORe .V, W% Y s ¥
o H i 1 2ok ! J Il
0 50 100 150 200 250 300 350

Calendar day
Figure 4.2. (a) Peak annual instantaneous discharge return intervals for the period of record. (b)

Percentiles of mean daily discharge for the period of record. The hydrograph is characterized by
typical annual snowmelt that occurs in April and summer typhoon rainstorms.
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4.3 Methods

To investigate the influence of varied floodplain vegetation conditions and estimated
roughness coefficients, I investigate the reach-scale hydraulic response to four experimental
floodplain roughness scenarios informed by aerial LiDAR tree detection surveys. LIDAR was
collected at each of the three reaches after which I used TreeLLS (“TreeLS,” 2023), a point cloud
vegetation processing R package, to identify and estimate tree characteristics including diameter
at breast height (DBH), stem density, and stem height. I estimated hydraulic roughness as
Manning’s coefficient due to these trees and developed hydraulic models in the Hydrologic
Engineering Center’s River Analysis System (HEC-RAS) program.

4.3.1 Vegetation detection and classification

The aerial LiDAR scans (ALS) were conducted on 01 November 2022 using a DJI
Zenmuse LiDAR scanner on the DJI Matrice 300 RTK UAV platform. The flights were
conducted at a height of 100 m, speed of 2 m/s, with a 90% front and side overlap. The LIDAR
sample rate was 160KHz.

The LiDAR point clouds were classified to identify ground, water, and non-ground points
using the classify LAS ground tool in the ArcGIS spatial analyst toolbox. I then manually
classified the water within the channel. To characterize the woody vegetation in each of the three
study reaches, I performed tree segmentation and stem classification using TreeLS, an R
language point cloud processing package (de Conto et al., 2017). The TreeLS package and
functions were accessed at the TreeLLS GitHub repository (2023).

TreeLS utilizes a Hough transformation to denoise the point cloud and detect stem points.
The Hough transformation in this application analyzes horizontal slices of a ground-normalized

point cloud and searches for circular shapes oriented orthogonal to the ground. Circles with a
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range of radii as defined by the user are compared to surrounding pixels and the circle with a
radius that has the most common adjacent LiDAR pixels is identified circle characterizing that
horizontal slice of the LiDAR point cloud. A statistical random sample consensus (RANSAC)
algorithm then compares all points in 3 dimensions identified by the Hough transformation and
fits a circle to the stem segments stacked vertically to estimate stem diameter and height. This
statistical fit is displayed graphically in Figure 4.3 below (from Figure 5 in de Conto et al.,
2017). In the TreeLS program, there are various functions and parameters that can be adjusted to

best suit the point cloud data and being analyzed and optimize processing time.
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Figure 4.3. Figure from de Conto et al. (2017) depicting one of two methods for classifying
stems. In this method, a random sampling consensus (RANSAC) algorithm computes the
probability that a sample of points contains no outliers and identifies a best fit circle to
approximate the stem diameter and height.
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I normalized the point cloud using the TreeLS function, tlsNormalize, so that each ground
classified point is positioned at an elevation of 0 and thinned the point cloud by voxel using the
TreeLS function, tlsSample, with a voxel size of 0.01 m?. I then performed the Hough
transformation and established a maximum stem diameter of 3 m for optimization as this was the
upper range of tree diameter identified through visual inspection of drone imagery survey and the
LiDAR point clouds. Once the LIDAR point clouds were processed I the TreeLS program, I
visually assessed the accuracy of the stem segmentation by overlaying detected stem points on
drone imagery that was taken the day of the LiDAR flight. I also visually checked the output
point cloud including the identified stem points such as those shown in Figure 4.4b and Figure
4.4c. The program performed best identifying stems where shrubby vegetation was absent, where
floodplain topographic relief was minimal, and where stems were less dense. Where there were
tall shrubs (height > 1.37 m), it occasionally misidentified them as stems, particularly where the
shrub point cloud density was highest, however, Figure 4.4 depicts the accuracy of the stem

detection and resulting computed density.
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Figure 4.4. Display of TreeLS tree inventory survey using aerial LIDAR point cloud. (a) LIDAR
point cloud .las tile with RGB point coloration. (b) The same LiDAR tile with a rainbow color
gradient height ramp with trees identified at a height of 1.37-m above the ground. The yellow
discs shown represent individual stems and are slightly larger than the estimated stem diameter

for visibility. (¢) The points in red indicate those that fall within the random sampling consensus

best fit circle included for interpretability. (d) Aerial view of stem locations plotted over a
ground-classified hillshade.
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4.3.2 Computing Manning s roughness due to rigid, emergent, vegetation

I followed a similar approach to Chaulagain et al. (2022) using the Baptist et al. (2007)
approach to estimate hydraulic roughness due to vegetation. However, in my approach I focus
primarily on the large trees that dominate the floodplain vegetation along the Butokama River
rather than simply using LiDAR point density to compute vegetation density. Using the

emergent, rigid, vegetation characteristics, I calculate C, the Chezy resistance coefficient

BEC)
b

where m is vegetation density (stems/m?), D is plant stem diameter (m), Cp is the Chezy

C =

coefficient resulting from bed roughness, and / is flow depth (m). I determined Cj in the model
calibration process and converted Manning’s coefficient to C using the following equation which
relates Manning’s coefficient, the roughness parameter built into the modeling program, HEC-

RAS, to C:

1
n=Zh'/ (4)

where 4 is the flow depth. For the purpose of this study, I used an estimated flow depth of 0.1 m,
which is representative of high flows proximal to the channel in each reach that were captured
with the game-camera imagery. An iterative process could be used to converge on the most
appropriate estimate of calibrated hydraulic roughness coefficients, such as the method described
by Chaulagain et al., (2022), however, the software developed for that study is not publicly
available. In this study, my intent is not to most closely estimate a Manning’s roughness

coefficient for floodplain flow, but to investigate the feasibility of using advanced LiDAR tools
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for characterizing floodplain vegetation and investigate flow response to varied vegetation
densities similar to Chapter 2, in a natural river corridor.
4.3.3 Model development and calibration

In HEC-RAS 2D, I used the 2D diffusive wave equations for the numerical simulations.
The computational mesh upon which the computations were performed was generated with a cell
spacing of 3 m on the floodplain and 1 m within the main and side channels. The topography
associated with the computational grid was extracted from the LiDAR point clouds by removing
vegetation in ArcGIS Pro using the classify LAS ground tool in the spatial analyst toolbox. The
aerial LIDAR surveys were conducted during the winter low flow season and as such capture a
significant portion of the channel topography, however there was 1.6 m¥/s in the active channel
and underlying bathymetry that needed to be accounted for in the hydraulic model as the LIDAR

survey only captured the water’s surface.
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Figure 4.5. Photos from Reach 1 pointed toward a large side channel. This photo sequence
shows an example of the methods described to calibrate the Manning’s coefficient values in the
channel. In (a), taken 04 May 2022, the side channel is fully hydraulically connected. In (b),
taken 05 May 2022, the channel is at the threshold of being fully hydraulically connected. This is
the target stage identified to achieve a calibrated Manning’s roughness. In (c), taken 11 May
2022, there is no surface flow in the side channel.
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I estimated channel bathymetry by hydroflattening the water surface and cutting a 0.21-m
high trapezoid into the channel where water was present. I use 0.21-m because this was the depth
of flow on the date that the aerial LIDAR surveys were conducted. Although applying a uniform
depth through the channel for all three reaches may neglect the topographic characteristics of the
bed, this likely has little influence on the results that I focus on in this study as flow in the active
channel at that depth only accounts for approximately 1% of the total discharge for the three flow
rates analyzed. The channel Manning’s coefficient values were calibrated using time-series
images that were captured at side channels located in each of the three reaches and the
corresponding flow rate at the time of the photo. The stage at which the side channels became
fully hydraulically connected to the main channel via surface flow was noted and the main and
side channel Manning’s coefficient values were adjusted to achieve the same hydraulic
connectivity between main and side channel. Full hydraulic connectivity between main and side
channel was determined using the Plot Hydraulic Connectivity tool in RAS Mapper and |
determined that it had been achieved when a continuous line through the entire side channel was
visible. In addition, I visually compared the time-series images with modeled flow depth to
further validate the calibrated channel Manning’s coefficient values.

4.3.4 Model scenarios and analysis
4.3.4.1 Floodplain roughness and flow

For each of the three reaches, I simulated four floodplain roughness scenarios. Scenario 1
was developed using the TreeLS classified stem distribution, computed density, m, mean stem
diameter, D, assumed depth, h, and the bed roughness value, C;, that was calculated using the
calibrated Manning’s coefficient value and Equation 4. The spatially variable total roughness

coefficient, C, was then converted back to Manning’s coefficient to use in HEC-RAS. Scenario 2
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is a spatially homogenous floodplain Manning’s coefficient computed as the mean floodplain
roughness value of Scenario 1. The Scenario 3 Manning’s coefficient was computed by
increasing the vegetation density value, m, from Scenario 1 by 0.2 stems/m?. Where vegetation
was detected across the floodplain and represents a medium-density floodplain vegetation
simulation. The Scenario 4 Manning’s coefficient was computed by increasing the vegetation
density value, m, from Scenario 1 by 0.4 stems/m? and represents a high-density floodplain
vegetation simulation.

Manning’s coefficient for Scenarios 1, 3, and 4, were computed as raster grids with 6-m
cell size, slightly larger than the HEC-RAS model floodplain computational grid size so that no
roughness grid cells were ignored in the model runs. Vegetation density, and stem diameter were
also computed for 6-m grid cells. Density was computed as the number of vegetation elements
per square meter within the 6-m grid cell, and stem diameter was mean stem diameter of trees
within the grid cell.

Three flow rates were simulated for each of the roughness scenarios: 75 m?/s, 100 m®/s,
and 150 m%/s. Each flow rate tested was much larger than the discharge sufficient to fill the main
channel so that there were observable channel-floodplain interactions to investigate exchange
flows. 75 m%/s is a 12-year return interval flood, 100 m®/s is a 25-year return interval flood, and
150 m>/s represents a flood larger than the system has experienced and is an end-member
scenario.
4.3.4.2 Vegetation characteristics and comparison with flume study

Rigid cylindrical elements simulating floodplain vegetation described in Chapters 2 and 3

had stem diameters that scaled to approximately 0.5-m prototype with a 1:20 length scaling ratio.
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This is comparable to the stem diameters estimated using the TreeLLS stem detection tool with

distributions shown in Figure 4.6.
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Figure 4.6. Stem diameter histograms for (a) Reach 1, (b) Reach 2, and (c) Reach 3.

For comparison, the flume channel scaled at that ratio would be approximately 20-m
wide, larger than the Butokamabetsu River, but of similar size that comparison of the model
results to the results presented in this chapter has meaningful applicability. Channel slope among
the three reaches ranged from 0.005 to 0.011, similar to the slope in the flume experiments
(0.007). The stem densities simulated in Chapter 2 and 3 scale to 0 stems/m? for the bare
floodplain runs, 0.008 stems/m? for the low-density runs, and 0.03 stems/m? for the high-density
runs. This is comparable to the average vegetation densities estimated using the TreeLS stem
detection tool in Reach 1 (0.02 stems/m?), Reach 2 (0.04 stems/m?), and Reach 3 (0.09
stems/m?).
4.3.4.3 Channel-floodplain exchange flow

I followed methods similar to those outlined in (Czuba et al., 2019) and in Chapter 3 to
estimate channel-floodplain hydrologic connectivity as influenced by the four model roughness
scenarios. Channel-floodplain exchange was computed at approximately 1.5-m evenly spaced

points along the left and right banks following the topographic grade-break that becomes
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inundated during floods. The HEC-RAS model outputs including depth, h, and velocity, V, were
interpolated from the flexible computational mesh into an evenly spaced grid with 0.5-m
spacing. I then computed bank unit discharge at each bank point a downstream distance, s, with
superscripts, L, or R, indicating the left or right bank, respectively. The equation for bank unit
discharge was

qi = UShs (5)
were h is the depth of flow over the floodplain at each point. I then computed the unit exchange
flow, g2 at location (s, B) as the dot product of the bank unit discharge and the unit normal
vector at distance s, and bank B, as

as = q¢ - (6)
where 71 is the unit normal vector perpendicular to the channel centerline and oriented away from
the channel such that positive unit exchange flux at the right bank would indicate flow exiting
the channel, and negative unit exchange flow at the left bank would indicate flow entering the
channel. This unit exchange flow can be interpreted in terms of local momentum flux patterns
along the channel-floodplain interface since the unit exchange vector scales with momentum.
To investigate general patterns of channel-floodplain exchange flows and the influence of

floodplain vegetation, I then integrated the unit exchange flow over the length of reach, such that

-Q)‘
o~ =

L
f 4% (s) ds ™
0

where §5 is the integrated reach unit exchange flow, 2 (s), is the unit exchange flow at distance
s, and L is the reach length. I then discretized this integral such that ds = As, where As is the

incremental downstream distance (0.5-m). The discretized equation can be written as

133



55 =

~] =

n
> afas ®)
i=1

where n is the number of local exchange flow measurements, and L is the reach length.
4.4 Results
4.4.1 Estimation of Manning s coefficient due to vegetation

In Reach 1, the density of rigid vegetation elements ranged from 0 to 0.28 stems/m? with
a mean density of 0.02 stems/m? (See Figure 4.7a). Stem diameter ranged from 0 to 1.9 m with a
mean diameter of 0.1 m. Manning’s coefficient in Reach 1 ranged from 0.045 to 0.058 across the
floodplain with a mean of 0.046. In Reach 1, much of the floodplain had low-density vegetation

with a small patch of high-density vegetation along the channel toward the upstream end of the

reach.
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Figure 4.7. Floodplain vegetation density for (a) Reach 1, (b) Reach 2, and (c¢) Reach 3. 1
verified the point density estimates by overlaying point locations on aerial imagery collected the
same day as the LiDAR surveys. Possible errors associated with misidentification of stems or
shrubs is described in section 4.3.1.
In Reach 2, the density of rigid vegetation elements ranged from 0 to 0.58 stems/m? with
a mean density of 0.04 stems/m?. Stem diameter ranged from 0 to 1.75 m with a mean diameter
of 0.13 m. Manning’s coefficient in Reach 2 ranged from 0.045 to 0.068 across the floodplain
with a mean of 0.047. Trees were distributed more uniformly across the floodplain in Reach 2
than Reach 1, however, the densest patches were located near the channel and between the main
channel and a large side channel (See Figure 4.7b)
In Reach 3, the density of rigid vegetation elements ranged from 0 to 0.59 stems/m? with

a mean density of 0.09 stems/m? across the floodplain. Stem diameter ranged from 0 to 1.97 m

with a mean diameter of 0.17 m. Manning’s coefficient in Reach 2 ranged from 0.040 to 0.062
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across the floodplain with a mean of 0.043. In Reach 3, there was a very dense patch of trees
adjacent to the channel on an island, and in general, Reach 3 had the densest vegetation
compared to the other two reaches (See Figure 4.7c). Reach 3 also had trees with the largest
mean diameter. Reach 3 is positioned approximately 50 m in elevation higher in the watershed
than Reach 2, and approximately 70 m in elevation higher than Reach 1 and may be better suited
to the growth of the large birch trees in this reach.

In Figure 4.8, the distribution of Manning’s coefficient across the model domain of Reach
2 is displayed to demonstrate the variation in roughness between roughness Scenario 1, 2, 3, and
4. Figure 4.8a, represents the TreeLS surveyed vegetation density and resulting Manning’s
coefficient distributions, Figure 4.8b shows a reach-averaged roughness value applied to the
floodplain, an approach commonly taken by practitioners when calibrated roughness values
aren’t available, and Figures 4.8c and 4.8d represent the manually increased vegetation density

and resulting Manning’s coefficient distributions.
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Figure 4.8. Floodplain Manning’s roughness for four modeled scenarios along Reach 2. (a)
Scenario 1. Estimated vegetation density using TreeLS survey output. (b) Scenario 2. Reach-
averaged vegetation density applied to floodplain and computed Manning’s coefficient. (c)
Scenario 3. Density was increased from surveyed values by 0.2 stems/m? and Manning’s
coefficient computed. (d) Scenario 4. Density was increased by 0.4 stems/m? and Manning’s
coefficient computed.

4.4.2 Model Results

I analyze 2D model outputs including depth and velocity. A cursory observation of the

distribution of velocity and depth for each of the four floodplain roughness scenarios does not
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reveal any significant differences and inundation regions were quite similar for all scenarios as
well (See Figure 4.9). This result is different than the results presented in Chapter 3 where high-
density vegetation significantly altered the flow field both on the floodplain and within the
channel at both overbank flow depths. For all roughness scenarios and in Reaches 1, 2, and 3,
highest velocities occurred within the main channel, and in some of the larger side channels that
become inundated on an annual basis. Low lying areas adjacent to the main channel experienced
moderate flow velocities, and many paleo-channels that become inundated at a less-than yearly

basis were flooded during the 75, 100, and 150 m*/s flows.
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4.4.2.1 Channel-floodplain exchange flow

In Figure 4.10, unit exchange flow is depicted as red and blue vectors scaled by the
magnitude of flow as it enters and exits the channel. Red vectors represent unit exchange flow at
the left bank and blue vectors represent unit exchange flow at the right bank. In general, high
unit exchange flow is most closely associated with areas where bank height is low allowing flow
to pass freely from channel to floodplain. However, when comparing patches of high-density
vegetation adjacent to the bank, there also appears to be less unit exchange flow than in areas
where vegetation was absent or where there were patches of low-density vegetation. For
example, in Figure 4.10a, the densest vegetation patches were located along the banks at the
upstream end of the reach, which also appears to be where the lowest unit exchange flow
occurred. In Reach 3 (Figure 4.10c), there was a high-density patch of vegetation adjacent to the

channel’s left bank, which is also a location where unit exchange flow was lowest.
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Figure 4.10. Unit exchange flow (m?%/s) at left and right banks at a discharge of 150 m?/s. Red
vectors indicate left bank unit exchange flow magnitude and blue vectors indicate right bank
exchange. The black arrow indicates the direction of flow. (a) Reach 2. (b) Reach 2. (c) Reach 3.
In all Figures 4.10a, 4.10b, and 4.10c, the red and blue vectors distant from the channel represent
4 m?*/s unit exchange flow.

I computed the magnitude of reach-integrated unit exchange flow, §&, for all model
simulations and compare geomorphic reach characteristics including sinuosity (Figure 4.11) and
slope (Figure 4.12). The reach-integrated unit exchange flow was highest for all four floodplain
roughness scenarios in Reach 3 at flows of 100 and 150 m?/s. The high unit exchange flow in
Reach 3 is likely due in part to a large side channel where the flow exists the main channel at the

right bank toward the downstream end of the modeling domain, which can be seen in Figure

4.10a. Had flow not exited the main channel here, reach-integrated unit exchange flow in Reach
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3 would have been much lower. An increase in floodplain vegetation density produced a
noticeable decrease in reach-integrated unit exchange flow in Reaches 1 and 2; however, unit
exchange flow did not vary as greatly in Reach 3. In Figure 4.11, unit exchange flow is
compared with the sinuosity of each reach, and I see that in Reaches 1 and 2, the reaches with
greater sinuosity, unit exchange flow is more greatly influenced by varied floodplain vegetation

density.
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Figure 4.11. Reach-averaged unit exchange flow for all 36 model simulations. Asterisks indicate
models run at 150 m?/s, x’s indicate models run at 100 m?/s, and circles indicate models run at 75
m?>/s. There is less variation in unit exchange flow across scenarios in Reach 3, which had the
lowest sinuosity. Models run under floodplain roughness values set in Scenario 4 resulted in the
least amount of reach-average unit exchange flux for Reaches 1 and 2 across all flow rates.

In Figure 4.12, T compare §Z with reach-average slope. Reach 3 had a significantly
higher slope at 0.011 vs. Reach 2, which has a slope of 0.006 and Reach 1, which has a slope of

0.005. The exchange flow in Reach 3 was least influenced by an increase in vegetation density,
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whereas Scenarios 3 and 4 decreased unit exchange flow much more in Reaches 1 and 2. Overall

unit exchange flow was lowest in Reach 2.
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Figure 4.12. Reach-average unit exchange flow vs slope.
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4.5 Discussion

As shown in many studies, flow through vegetation is highly three-dimensional (Nepf,
1999; Tinoco & Coco, 2018; Yager & Schmeeckle, 2013) and this complexity of flow is difficult
to simplify to two-dimensional numerical simulations. Because of this, some of the effects that
vegetation has on the flow field and its influence on channel-floodplain hydrologic connectivity
may not be fully captured in this study. However, the results presented herein do present
interesting findings, that are supported by previous studies such as the way in which floodplain
vegetation attenuates flow and reduces the magnitude of unit exchange flow at the channel-
floodplain boundary.

The Butokamabetsu River is geomorphically distinctive in the abundance of small side
channels, many of which are hydrologically connected to the main channel at a range of flows,
some at recurrence intervals of less than 0.5 years. These side channels and other topographic
irregularities across the floodplain are strong drivers of the floodplain flow dynamics observed in
the hydraulic modeling output. As shown by Uno et al. (2022), these side channels provide
important refugia and unique habitat for aquatic organisms in this watershed. The magnitude of
exchange flux concentrated at main-side-channel confluences accounts for a large volume of
exchange flow. In these model scenarios, floodplain vegetation did not have a primary influence
on the distribution or magnitude of exchange flows which varies markedly from my flume results
where high-density floodplain vegetation significantly slowed flows across the floodplain,
increased conveyance within the channel, and decreased unit exchange flow by as much as half
compared to the low-density vegetation conditions.

In these model simulation results, flows with high recurrence intervals > 20 years did not

completely submerge the floodplain which may have been limiting in the model’s ability to fully
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analyze flow patterns across the floodplain. This is likely largely in part to the underestimation of
hydraulic roughness of the vegetated floodplain.
4.5.1 Study limitations

The methods used in this manuscript to quantify floodplain vegetation characteristics do
not fully account for the hydraulic roughness due to floodplain topography, shrubs, and other
elements that cannot be classified as rigid cylinders. However, the TreeLLS package and its
associated statistical tools used to segment, classify, and measure physical characteristics of trees
in the Butokamabetsu River corridor is shown to be an effective tool. This tool is likely
particularly useful for vegetation surveys in river corridors dominated by large woody trees that
are closely spaced across the floodplain. To expand its utility and value for hydrodynamic
modeling simulations, it would be beneficial to couple the TreeLS package with other point
cloud processing methods to quantify a composite Manning’s coefficient including various
elements such as roughness due to shrubby vegetation, roughness due to grasses, roughness to do
topographic floodplain irregularities, and roughness due to surface grain size. Each of these
elements have very distinct physical characteristics that require unique tools to accurately
account for and estimate a spatially distributed hydraulic roughness map that can be used in 1D,
2D. and 3D numerical modeling and estimation of reach-scale roughness coefficients in data
sparse rivers such as the Butokamabetsu. The methods described in this paper to estimate
floodplain vegetation roughness can also be improved by iteratively solving for and converging
on a floodplain depth value rather than arbitrarily selecting a depth value.
4.5.2 Future opportunities

I monitored the effectiveness of the TreeLS stem detection tool by doing a visual

inspection of the tiled LiDAR point clouds as they were being processed (i.e. Figure 4.4),
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however, because the tool was developed for tree stands with readily detectable, straight,
uniformly spaced stems, it may not be as effective in river corridors where trees may be
irregularly shaped and spaced. It would be beneficial to perform rigorous statistical analysis of
the accuracy of the TreeLS tool.

It would be beneficial to test these methods in a river system where more data are
available describing flood stage to accurately calibrate floodplain roughness coefficients and
compare the influence of floodplain vegetation compared to total floodplain roughness as well as
the effectiveness of the tool. It would also be beneficial to develop an approach using remotely
sensed data such as LiDAR to estimate partitioned floodplain roughness elements such as
shrubby vegetation, topographic variability, grain size, floodplain side channels, etc. There are
tools similar to this that require field surveys (Arcement & Schneider, 1989) and on-the ground
measurements such as vegetation frontal area, that may be reframed to use remote sensing.

4.5.3 Implications for river management

River managers are often tasked with identifying reaches that may benefit from river
restoration projects such as reconnection of the channel and floodplain, construction of in-stream
habitat, or planform modifications. Studies have shown that low gradient, low valley
confinement reaches often termed ‘beads’ connected in a watershed network by confined, steep
‘string’ reaches may be disproportionately important for increasing watershed resilience (Wohl et
al., 2018, 2022). The results presented in this paper support the idea that beads may be important
to prioritize in the context of utilizing floodplain vegetation in river restoration, because as
shown in Figures 4.11 and 4.12, the low gradient, higher sinuosity reaches showed greater

attenuation of channel-floodplain exchange flux than Reach 3, the steeper, less sinuous reach.
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River managers may also incorporate the positive benefits of reconnecting channels with
vegetated floodplains, particularly in reaches classified as river beads.
4.6 Conclusion

I investigated methods to detect and characterize rigid emergent floodplain vegetation
near the Butokamabetsu River in Hokkaido, Japan using aerial LIDAR surveys. I then used the
measured vegetation characteristics to calculate hydraulic roughness as Manning’s coefficient
using an empirical relationship developed from flume studies and performed a series of hydraulic
modeling simulations in HEC-RAS 2D. In these numerical experiments, I account only for the
partitioned roughness coefficient due to vegetation as well as a base surface roughness
coefficient and investigate the influence of vegetation density on channel-floodplain hydrologic
connectivity by manually increasing stem density to test four floodplain roughness scenarios. A
common practice in flood modeling is the use of a reach-wide estimate of floodplain roughness
coefficients. In these modeling scenarios, a reach-wide floodplain roughness estimate predicted
similar flow dynamics as the spatially varied roughness coefficient dependent on individual plant
characteristics. This suggests that either the 2D model poorly captures the hydrodynamic
influence of floodplain vegetation on overbank flows, or that perhaps in some situations, a single
roughness estimate may be sufficient for river engineering design and analysis when
investigating reach-scale flow characteristics.

I estimated channel-floodplain hydrologic connectivity by computing exchange flow at
the channel-floodplain boundary along the left and right banks of three reaches with unique
geomorphic characteristics including a range of slope and sinuosity. I found the unit exchange
flow was greatest along the bank where there were topographic low points regardless of

vegetation density. I found that in the reach with highest slope and lowest sinuosity floodplain
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vegetation density has a smaller influence on channel-floodplain hydrologic connectivity than in
more sinuous, lower gradient reaches. I found that high density vegetation attenuates channel-
floodplain exchange flow more than low density vegetation. These observations are similar to
those presented in Chapter 3 of this dissertation and highlight the influence of floodplain
vegetation on river-corridor connectivity dynamics. In future work, the tools used to estimate
floodplain vegetation characteristics could be combined with other remote sensing tools to
parameterize hydraulic roughness of floodplains due to leafy, shrubby vegetation, large wood,
topographic variability, and other roughness elements to produce a representative estimate of

total floodplain hydraulic roughness coefficients for accurate hydraulic modeling.
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CHAPTER 5: CONCLUSION

5.1 Key findings

Global rising flood risk places importance on using science-based management strategies
to mitigate the negative impacts of floods. One of these strategies is floodplain reconnection.
Connected floodplains give floods space to spread out, decreasing pressure on other flood
mitigation infrastructure such as dams and levees, and providing critical habitat. Understanding
the interaction of flow and vegetation during floods and exchange fluxes at the channel-
floodplain interface will help managers predict and plan for flood conditions. In this dissertation,
I present the results of physical and numerical experiments that elucidate the physical processes
associated with channel-floodplain interactions as they relate to vegetation.

In Chapter 2, I describe the physical modeling experiments conducted at Colorado State
University’s Hydraulics Laboratory and describe channel topographic response to varied
floodplain vegetation density and flow depth. I found that increasing floodplain vegetation
density resulted in greater bedform topographic complexity within the channel at two flood
depths, and that at both overbank flow depths, sediment transport was greater than at bankfull.
This result is distinct from other meandering compound flume experiments with mobile beds and
prompts further investigation into this distinction and possible relation to channel planform.

In Chapter 3, I present results analyzing the flow field and show that increased vegetation
density results in a decrease in channel-floodplain exchange flow. I also describe the three-
dimensional flow field within the channel that results from varied floodplain vegetation
configurations and identify the mechanisms that resulted in highly variable secondary currents

across the experiments. During the high-density model scenarios, the secondary helical flow field
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was more cohesive with well-defined cells. In model scenarios where no vegetation was present,
the flow field appeared much more irregular with less distinct secondary flow patterns.

In Chapter 4, I present the results of a series of numerical modeling experiments in which
floodplain vegetation was identified and classified through the use of remote sensing tools. The
physical characteristics of the floodplain vegetation were then used to compute Manning’s
roughness coefficients and map them spatially across the floodplain for three reaches of the
Butokamabetsu River in Hokkaido, Japan. I then compared 2D hydraulic modeling outputs using
the estimated vegetation Manning’s n with three other floodplain roughness scenarios. In these
numerical modeling experiments, I found that increasing floodplain vegetation density results in
a slight increase in attenuation of channel-floodplain exchange flows, similar to the results of
Chapter 3. I also found that in the two reaches with higher sinuosity and lower valley gradient,
increasing floodplain vegetation density had a more significant influence on the rate of channel-
floodplain exchange flows than in the reach with high slope and low sinuosity. The 2D hydraulic
model did not, however, capture the effects of high-density floodplain vegetation that we
observed in Chapters 2 and 3 where floodplain flow velocity was significantly lower than bare
and low-density floodplain vegetation.

Similar conceptual takeaways emerge from these three dissertation chapters. Flow
through vegetated floodplains is highly three-dimensional influencing channel-forming forces in
ways that are difficult to approximate with the use of depth-averaged relationships or 2D
hydraulic models. Although not the primary focus of this dissertation, each chapter points to the
fact that channel planform and slope, when analyzed in the context of existing scientific

literature, develop hydrodynamic feedbacks with floodplain vegetative cover. Planning for
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channel equilibrium processes and optimizing beneficial services provided by vegetated river-
corridors can by optimized when considering these results.

5.2 Floodplain vegetation in the context of river management

In Chapters 2 and 4 of this dissertation the results indicate that the beneficial
characteristics of floodplain vegetation such as channel-floodplain exchange and sediment flux
attenuation are accentuated in channels with higher sinuosity. The term ‘beads’ has been used to
describe low gradient, wide, unconfined valley reaches within a larger watershed network that
are connected by steep, narrow reaches termed ‘strings’. River managers are often tasked with
selecting sites where river restoration activities will be most effective or where the river is most
degraded. Planning for and incorporating vegetation planting schemes in-conjunction with bead

site selection may prove effective to achieve project targets.

In Chapter 4, I tested remote sensing tools that may be utilized by hydraulic engineers to
estimate the effects of floodplain vegetation on flow dynamics through meandering channels. I
found that the scale of modeling analysis is particularly important to consider when utilizing
tools such as remote sensing of floodplain vegetation characteristics. Upon analysis of the
results, it appears that the 2D hydraulic model did not fully capture the effect of increased
vegetation-density on channel-floodplain hydraulic connectivity that was documented in Chapter
3. Flow through vegetation is complex and highly three-dimensional and additional empirical
relationships describing the enhanced 3D flow structure in simplified 2D terms, would be

beneficial for predicting flood hydraulics.

In conclusion, with support from many other studies, I find that river processes are not
simply limited to the interaction of flow and sediment. Biological drivers such as rigid vegetation

heavily influence hydrodynamics in meandering rivers in ways that must be considered for
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effective river-corridor management and science in the face of changing global hydrologic

conditions, societal challenges, and to sustain functional ecosystems around the world.
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APPENDIX

Supplemental Figures A1 through A7 include all velocity measurements taken within the channel

using the P-ADV.
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Figure A1l. Graphical representation of channel-floodplain exchange flux during Run 7 as
represented by lateral component of unit discharge vectors at nine points along the half meander

of interest.
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