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The Exchange of Fine Sediment in Gravel-Bed Fluvial Systems
Brayden J. Schiller

ABSTRACT

The presence of fine muddy sediment (grain size < 0.1 mm) in streams has many impacts
on the fluvial system and those relying on it, both humans and aquatic biota. Previously,
fine sediment was considered a washload and has been ignored in transport models. More
recently, it has been treated as being transported once the surface gravel layer that stores
it is able to be mobilized. We propose that the surface layer need not be mobilized in
order for muddy sediment to travel through the fluvial system in a series of erosive and
depositional events. Our first study uses a new in situ device to show how mud entrainment
from immobile gravel beds behaves cohesionlessly and can be modeled using the framework of
classic sand-based models modified to account for hiding effects present in the stream bed. It
also provides a method to predict how deep into the surface layer of gravel entrainment of fine
sediment will occur given flow and stream bed characteristics. The second study investigates
the primary pathway that fine sediment is traveling to get captured within bluehead chub
fish nests. It was determined that more deposition of mud occurred in the upstream half
of the nest concluding that the primary pathway was hyporheic pumping through the nest.
Capture efficiencies of the nests were also found to increase as the length of nests increased.
Both of these studies provide supporting evidence in the need to transition modeling fine
sediment transport as a series of deposition and resuspension.
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GENERAL AUDIENCE ABSTRACT

Fine muddy sediment (grain size < 0.1 mm) is present in natural streams and has many
impacts on the stream system and those relying on it, including humans, plants, animals,
and other organisms in the ecosystem. Previously, fine sediment was treated as being too
small to consider in models that aid in understanding how a stream transports sediment.
This is because small sediment stays suspended in the water column more easily than larger
sediment. Therefore, it was just assumed to pass through the system and never deposit
into the stream bed. However, in nature we observe large quantities of fine sediment being
stored within the stream bed. More recently, it has been assumed that the sediment that
does deposit will be transported once the surface gravel layer that stores it is able to be
mobilized. That is, the surface gravel layer shields the fine sediment trapped between it and
that the mud will stay put until that gravel is moved. We propose that the surface layer
need not be mobilized for muddy sediment to travel through the fluvial system in a series
of erosive and depositional events. Our first study uses a new device that forces erosion
of mud to show how mud entrainment, or the process of how a fluid picks something up
and carries it, from immobile gravel beds can be modeled using the framework of classic
sand-based entrainment models modified to account for hiding effects, or protection against
entrainment of a smaller sediment by a larger sediment shielding it, present in the stream
bed. It also provides a method to predict how deep into the surface layer of gravel that
fine sediment will be eroded given flow and stream bed characteristics. This is beneficial
in estimating the amount of sediment that will be eroded during a given storm event. The
second study investigates the primary pathway that fine sediment is traveling to get captured
within bluehead chub gravel fish nests used for spawning their eggs and reproducing. It was
determined that more deposition of mud occurred in the upstream half of the nest. This
leads us to believe that the primary pathway of sediment traveling through the nest was
hyporheic pumping through the nest, or the process of water flowing down through the
surface layers of sediment in the stream bed. Capture efficiencies, or the ratio of how much
of the sediment that traveled through the nest was captured, of the nests were also found to
increase as the length of nests in the downstream direction increased. Both of these studies
provide supporting evidence in the need to transition modeling fine sediment transport as a
series of deposition and resuspension.
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Chapter 1

Introduction

Fine muddy sediment (grain size < 0.1 mm) is a natural product of earth-surface processes
that is generated in, delivered to, and transported through the fluvial system. This fine
muddy sediment can be found in stream beds, floodplains, and in suspension from the
system’s mountainous regions down to coastal distributary deltas and bays, continental
shelves, and deep ocean basins. Natural muddy sediment can be comprised of a large range
of particle sizes and types. Mud can contain inorganic solid particles in the very-fine sand,
silt, and clay range, organic material such as plant and animal detritus, bacteria, and their
byproducts, or aggregates known as flocs that can be a mixture of all of these constituent
particles (Shakeel et al., 2022).

Due to the small size of the particles, fine sediment of this size typically travels through
streams and rivers suspended in the water column, i.e., it travels as suspended sediment load.
In fact, particles smaller than 0.0625 mm have historically been considered to be a type of
washload, which is when the sediment is too small to be captured or maintained within the
system (Woo et al., 1986; Partheniades, 1977). In other words, the transport competence of
the stream is too great for sediment this small to deposit within the system. Therefore, it
is assumed that washload sediment will stay in suspension through the system until it exits
into a slower, near-zero velocity region such as a lake, estuary, behind a dam, etc.

Though much of the fine muddy sediment traveling through the fluvial system will
indeed eventually find its way to longer-term storage in near-zero velocity regions, the as-
sumption that all fines will stay in suspension through the entire system as washload is
an oversimplification that can significantly misrepresent reality. Many gravel and sand river
beds contain fine muddy sediment (Dubuis and De Cesare, 2023). The fact that fine sediment
can be considered a stream pollutant (Gupta et al., 2023) further highlights the fact that
fine muddy sediment can deposit and erode from stream beds as it makes its way through
the system.

Fine sediment is a natural product of earth-surface processes, but anthropogenic changes
to the earth can further increase the supply or delivery of this fine material to streams.
Higher intensity precipitation events coupled with constant land-use change drive up peak
discharge and cause erosion of stream banks that often contain large fractions of fine sedi-
ment (Lane et al., 2019; Wharton et al., 2017). Human-caused climate change has increased
sediment fluxes not only by higher intensity precipitation events but by glacier-snow per-
mafrost melting as well (Li et al., 2020). This has a large effect on greater fine sediment
fluxes. Additionally, increases in wildfire frequency surrounding fluvial systems contribute
to increases in fine sediment supply and fluxes after hillslopes are burned and vegetation is
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lost (Estrany et al., 2016).

The presence of fine sediment can be considered beneficial to society for the purposes
of land building near coastal regions experiencing land loss in the face of sea level rise or
subsidence (Blum et al., 2023). However, its presence in streams can also adversely impact
both humans and the aquatic ecosystem surrounding the fluvial environment. For example,
fine sediments that deposit in reservoirs deplete the reservoir’s overall capacity and ability
to provide flood protection and drinking or irrigation water during the summer seasons
or droughts (Gupta et al., 2023). Suspended fine sediment in rivers or reservoirs can also
pose a threat if the water is being used for potable water. In such situations, the filtration
process becomes more expensive and there is a higher risk of increased bacterial aerobic
spore concentrations entering the distribution systems on the suspended fines (Gauthier
et al., 2003). Furthermore, sunlight needed by aquatic organisms on stream beds (including
plants, algae, or invertebrates) reduces with increased turbidity brought on by increases in
suspended fine sediment. Aquatic biota also gets affected by the duration that it is exposed to
the suspended sediment (Newcombe and Macdonald, 1991). Fine sediment can also deposit
in the coarse surface layer of gravel bed streams, thereby clogging the pore space (Frostick
et al., 1984) and harming the organisms that live in the stream bed, including invertebrates
and species that use the stream bed to spawn their eggs such as salmonid fish species (Bilotta
and Brazier, 2008; Jensen et al., 2009).

For these reasons, it is necessary to understand how fine muddy sediment moves through
the fluvial system and to find ways to account for its erosion, transport, and deposition in
modeling frameworks. An assumption underlying this thesis work is that mud should not
be considered a type of washload that bypasses the bed without depositing. Instead, mud
should be envisioned as making its way through the system in a series of depositional and
erosive events. This is especially true in gravel-bed streams where there is a large and
diverse aquatic biota that lives and utilizes the pore space of the stream bed. Therefore, it is
necessary to understand the deposition and erosion processes of fine sediment in gravel-bed
streams, and this thesis focuses on doing so using in situ methods for measuring deposition
and erosion in two gravel-bed stream configurations. The primary body of the thesis is
presented in the following two chapters (Chapter 3 and 2) organized by study type. Each of
the two chapters is presented as a stand-alone study with its own literature review, methods,
results, discussion, and conclusion.

Chapter 2 presents a new, in situ method for measuring fine sediment erosion in aquatic
systems. The method is then used to collect data on mud entrainment rates from stable gravel
beds. Data collected are then used to test how historic entrainment equations, developed for
sand-bedded rivers, perform when applied to predicting the entrainment of mud from stable,
coarse surface-layer gravel. Adjustments to these models are also developed to provide a
higher level of accuracy for the modeling fine sediment entrainment.

Chapter 3 examines depositional aspects of fine sediment transport within the particular
context of siltation of Bluehead Chub fish nests. In the study, artificial nests are deployed in
a local creek to measure the depositional patterns throughout the nest. The data is used to
gain a stronger understanding of the depositional pathways and factors impacting the fine



sediment capture efficiencies of the nests.
The last chapter of the thesis summarizes the findings of both studies and their impli-
cation for understanding and modeling mud movement through the fluvial system.



Chapter 2

Entrainment of Fine Muddy Sediment
from Plane Gravel Beds

2.1 Introduction

Sediment particles in rivers come in many different sizes, ranging from small clay particles
that are approximately a micron in diameter up to large boulders whose diameters are on
the order of meters. Predicting the movement of this vast range of particle sizes is difficult.
Most riverbeds are dominated by sand (sediment in the size range of 0.065 to 2 mm) or gravel
(a general term used here to encompass all sediment larger than 4 mm in diameter) (Garcia,
2008). Because of this, most methods for predicting the transport, deposition, and erosion
of sediment through the fluvial system have focused on predicting the movement of sand
and gravel. Often, the finer “mud” fraction, consisting of a mixture of mineral and organic
particles less than 62.5 pm (i.e., the silt and clay sizes), has been designated as wash load
Woo et al. (1986). As such, mud is often conceptualized as a passive scalar that sees little
interaction with the bed and instead travels through the system to deposit in low-velocity
floodplains, ponds, lakes, reservoirs, and coastal estuaries and bays. However, river segments
should not be thought of as complete bypass channels for mud. Instead, much like sand, we
argue that suspended mud can go through multiple cycles of deposition and resuspension
within the channel as the mud makes its way downstream.

For example, it has been shown in laboratory settings that even very fine sediment such
as clays can deposit within a surface layer of gravel under conditions for which the shear
velocity is much greater than the settling velocity of the sediment (Krishnappan and Engel,
2006; Mooneyham and Strom, 2018a) and that the rate of loss of suspended clays to the bed
is a function of the pore Reynolds number (Fries and Trowbridge, 2003; Mooneyham and
Strom, 2018a). Pumping of surface water through sandy dunes can also lead to the trapping
of clay within the bed (Packman et al., 2000). This trapped clay then can mix with the
sand and produce alterations in the morphology and dynamics of the bedforms (Dallmann
et al., 2020, 2021). Furthermore, in the field, Skalak and Pizzuto (2010) have observed
significant quantities of mud that they estimate has storage time scales on the order of
decades along the channel margins and behind woody debris in a gravel bed stream within
an agricultural watershed in Virginia. And, Buendia et al. (2016) found that suspended
sediment concentrations following storm events were larger when there was a larger volume
of fines stored in the bed prior to the flood event (Buendia et al., 2016).

These studies and examples all point to the need to conceptualize the river bed as a

4
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transient storage zone for fine muddy sediment making its way downstream. While this
process of storage and release of mud can be conceptualized, a standard method of modeling
mud transport through sand and gravel rivers remains unrealized. A contributing reason for
this unrealized ability to model mud in such situations is that boundary exchange fluxes (i.e.,
deposition and entrainment flux) for muddy suspensions flowing over different bed types are
not fully understood. This research aims to expand our ability to model the movement of
mud through gravel-bed rivers by studying the entrainment of mud from immobile gravel
beds.

2.2 Background

Suspended sediment movement in a 1D river framework can be modeled using the 1D

advection-diffusion equation.
J(AUC,) 0 ( oC,

A(AC,) B
T e e ADCW) +b(E — D) (2.1)

where A is the cross-sectional flow area, C, is the suspended sediment concentration in
terms of a volume fraction, U is the cross-sectionally averaged velocity, D, is the dispersion
coefficient, and E and D are erosional and depositional sediment volume fluxes into and
out of the bed. Typically, D is modeled as the product of settling velocity, w,, and C,,
D = w,C,, and with E being modeled as,

E = w,F; (2.2)

Here E, is a non-dimensional entrainment coefficient. Note that a mass entrainment flux
can be defined as,

where pg is the density of the sediment being entrained.

In a 1D framework, the hydraulic quantities U = U(z,t) and A = A(z,t) can be used
along with equation 2.1 to model the movement of suspended sediment if wy and F, can be
defined. wjy is constrained by the size and density of the sediment being modeled (Garcia,
2008), and Fj is typically calculated with entrainment closure equations such as the ones
proposed by Smith and McLean (1977), van Rijn (1984), or Garcia and Parker (1991); for
an expanded list of model options for E; see (Garcia, 2008). Equation 2.1 could also be used
to track the movement and storage of mud throughout a river if the equation is coupled with
a conservation equation for the mud stored in the bed.

All models for Ey, that we are aware of, were created with sand transport in mind.
The theory and data used to develop the equations assume a bed uniformly covered with
sand. In addition, the empirical data used in the development of the model typically came
from experiments in which equilibrium conditions prevailed, i.e., there were no temporal or
longitudinal gradients in C,, U, or A, implying that entrainment and deposition must be
balanced (equation 2.1). As such, F; was taken to be equal to the measured concentration.
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One distinction between mud and non-cohesive sands and gravels is that individual min-
eral and organic mud particles can stick together or aggregate into larger particles known as
“flocs”, thereby altering the settling speed and depositional flux of the flocculated suspension
relative to that of unflocculated mud (Mehta, 2022). Therefore, mud deposition flux should
be modeled with the settling velocity of the flocs (e.g., Strom and Keyvani, 2011) rather
than the settling velocity of the unaggregated mud. Furthermore, large build-ups of mud in
the bed can possess a level of cohesion that adds additional resistance over that of simple
particle weight working against erosion. For these reasons, the entrainment flux of mud has
historically been calculated as:

Ey =a(tr —1.)° (2.4)

where « and 3 are fit coefficients, 7 is the bed shear stress, and 7. is the bed shear stress at
which erosion of the cohesive mud bed commences, i.e., the critical value, and is typically
taken to be a function of depth due to consolidation (e.g., Sanford and Maa, 2001; Mehta,
2022). This modeling approach is used when the bed is composed solely of mud (e.g., an
estuary or bay), and 3, a, and 7. are all taken to be site-specific parameters that must be
determined through experimentation (e.g., Wiberg et al., 2013). This approach to cohe-
sive erosion assumes that any material eroded from the bed is immediately entrained into
suspension, and it does not consider any individual particle or floc properties.

One study that has sought to model the storage and release of fine particles in a gravel
bed river is that of Park and Hunt (2018). Park and Hunt (2018) took a simplified approach
to the model and assumed that the system was purely depositional when the flow competence
was lower than that required to mobilize the bed. That is, they took £ = 0 for the fine
particles up until the gravel was mobilized. When the flow competence was great enough
to mobilize the gravel, then the fines that had been stored in the gravel were released in a
pulse back to suspension. Under such a condition, F is taken to be a function of the volume
of fines stored within the pore space of the surface layer and the 7. value of the gravel. This
approach of limiting the entrainment of fines until the gravel surface layer is mobilized is in
line with the suggestions and findings of Harvey et al. (2012) and Mooneyham and Strom
(2018a).

2.3 Research Questions and Hypotheses

In this research, we seek to answer three related questions. The first is, can mud entrain
into suspension from a gravel bed before the gravel surface layer is mobilized? While it is
reasonable that the breakup of the surface layer will release the fine sediment stored below
the surface of these grains, we hypothesize that entrainment of mud out of a gravel surface
layer is possible without the mobilization of the surface-layer stones (H1). Therefore we
expect that mud can go through multiple cycles of deposition and entrainment with more
frequent flow events that sit below the typical bankfull condition needed to mobilize the
gravel surface layer.

The second question this study seeks to answer is, do historic entrainment equations
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developed for and with data from sand-bed channels work to predict the entrainment rate
of mud from the surface of a gravel bed stream? In many gravel-bed streams that we have
waded in, we have observed that mud that has settled to the surface layer or pore space of the
stream is often visually flocculated and loosely stored (i.e., cohesion appears to be minimal
due to the ease at which the material enters suspension when walking through a stream).
The existence of a loose muddy layer composed of large flocculated material that behaves
cohesionlessly with respect to other flocculated mud in the bed is also in line with the work
of Schieber and Southard (2009) and Tran and Strom (2019). Therefore, we propose that
a reasonable approach to modeling mud movement in such streams is to treat the mud as
a low-density, cohesionless material. Based on this assumption, we expect that entrainment
of the flocculated material could be described with models developed for cohesionless sedi-
ment rather than the classic cohesive mud erosion equation (equation 2.4). We specifically
hypothesize that classic sand-based F; models will produce incorrect entrainment values in
their unaltered state, but that the form of the equations will provide a reasonable framework
that can be adjusted to predict the entrainment of mud (H2).

Thirdly, we explore how entrainment of mud is modulated by the embeddedness of the
gravel in the fine sediment. Embeddedness is a measure of how far up the fine sediment
surrounding the gravel surface layer lies relative to the top of the gravel (Smith, 2023). If
the gravel is 100% embedded, then the surface layer is entirely encased in mud and one would
expect that the mud must erode before the gravel and that entrainment rates will be higher
due to the larger surface area of the mud bed. If the embeddedness is 5%, then one would
expect that the majority of the mud is hiding down in the protected pore space of the gravel,
leading to lower entrainment values and possibly necessitating that the gravel must move
before the mud can be released. The specific questions pertaining to the role of embeddedness
on entrainment are, does the initial embeddedness influence the entrainment flux, and can
the final embeddedness of the gravel be predicted (i.e., the state when entrainment ceases)?
We hypothesize that the answer to both is “yes” (H3 and H4).

2.4 Methods

2.4.1 Overview

To test these hypotheses, we measure the mass erosion flux, E) (equation 2.3), at nine
different sites within three gravel-bed streams with different surface layer grain size distri-
butions and levels of embeddedness and applied bed shear stress. We then compare the
mobility of the mud and gravel to test H1. H2 is examined by putting the measured FEj,
values in terms of F, and then comparing the measured E; values to those predicted using
the Smith and McLean (1977), van Rijn (1984), or Garcia and Parker (1991) entrainment
equations (described below) and adjusting them as needed. H3 and H4 are tested using the
measured entrainment values and the initial and final embeddedness for each run. A new
erosional flume was designed and built as part of this work to provide a means by which the
applied shear stress could be controlled in the field and the resulting Fj; measured. The
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new erosional flume, referred to as the Benthic Canon, is described below along with the
field sites and experimental procedures.

2.4.2 Historic entrainment equations for sand

One classic model of Fy we wanted to test was that of Smith and McLean (1977):

0.65vT
= 0 (2.5)
1 + ’}/oT
where T' is the scaled excess shear stress applied to the bed,
7_* . 7_*
T = : 2.6
= (26)

C

and 7 is a constant equal to 2.4 x 107%. In equation 2.6, 7* is the non-dimensional bed
shear stress, or Shield parameter, associated with the skin component of shear (or the shear
responsible for moving sediment). The Shields parameter is defined as,

T u?

* = = * 2.7
T T bgRd R (2.7)

77 is the critical Shields parameter (the value of 7% when sediment grains just start to move).
In the above, p is the density of water, g is the acceleration of gravity, and Ry = (ps — p)/p
is the submerged specific gravity of the sediment whose density is ps, and the d is the grain
diameter. We note here the relationship between shear velocity and bed shear stress is:

Uy = p (2.8)

Equation 2.5 predicts the entrainment coefficient, or volume flux of entrained sediment
scaled by the particle settling velocity (equation 2.2), as a function of the excess Shields
stress.

Similarly, the van Rijn (1984) modeled entrainment coefficient with,

dT>
E, =0.015— 2.9
5 DL (2.9)
where b is the roughness length scale and D, is a type of particle Reynolds number defined
as,
AN
D,=d ( 2 ) (2.10)

Here v is the kinematic viscosity of water. The van Rijn (1984) method for obtaining Ej
(equation 2.9) requires the same input as that of Smith and McLean (1977) with the addition
of the kinematic viscosity.
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A third commonly used entrainment equation is that of Garcia and Parker (1991).
Modifications to the original formulation have been proposed over the years for different
situations (e.g., Garcia and Parker, 1993; Wright and Parker, 2004), but we here examine
the original equation. The formulation includes many of the same base input values as
equations 2.5 and 2.9, but the method presents F, as a function of the following non-
dimensional number, Z,:

ul
Zy = <R’ (2.11)

with ws being the settling velocity, u/ the skin shear velocity applied to the bed and R, the
following Reynold’s particle number:
du
R, = 79 (2.12)
where ug4 is the grain velocity scale u, = \/dgRs. E; is calculated with the Garcia and Parker
(1991) method as,
AZP

T+ A7

(2.13)

S

with A being a constant equal to 1.3 x 1077,

To calculate Eg with any of these three equations (equations 2.5, 2.9, and 2.13), one
must know the size of the sediment being entrained, d, the critical Shield value, 7, the
applied skin friction shear stress, 7, or shear velocity, u,, the density of the sediment, p;,
and the density and kinematic viscosity of the water, p and v.

2.4.3 Erosional Flume

Critical to this study is the in situ measurement of E or E); for different hydraulic and stream
bed conditions. To do this, we designed and built a mobile erosional flume that could be
installed in streams that exhibited mud in the surface layer and variation in the surface layer
grain size distribution and embeddedness. This forced the need to collect measurements
in slower velocity reaches on calm days not directly after a significant precipitation event.
Reaches with slower velocities allowed for the aggregation of fine sediment within the bed
and made it possible to install and secure the equipment. Since these slower velocity areas
were targeted due to their ability to allow fine sediment to deposit and get trapped within
the gravel bed, a device needed to be constructed with the ability to adjust and increase the
flow velocity, and more specifically, the shear stress being applied to the bed.

The device, hereafter referred to as the Benthic Cannon or just the Cannon, consists of
a 1.83 m long hard vinyl square duct with a 9.5 by 9.5 cm cross section and a fine-sediment
filtering reservoir that holds two single-speed sump pumps that move water through the
Benthic Cannon at a rate controlled by two ball valves. An optical backscatter sensor (OBS)
and a velocity meter are used at the end of the Cannon to measure the exiting water turbidity
and velocity.
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The test section is a 30.5 cm by 8 cm rectangle that is removed from the bottom of the
Benthic Cannon that starts 1.2 m down the 1.83 m duct and ends 0.3 m from the end of the
Cannon. There is a plastic skirt constructed and attached surrounding the test section to
ensure a better seal with the bed so that all eroded muddy material exits out the end of the
Cannon and is recorded by the OBS rather than jetting out the bottom. A basic schematic
of the Benthic Cannon system is shown in figure 2.1.

Flow Control Valves Pygmy Current Meter

Filtered Water Basin

Water
1.83 m Benthic Cannon

Stream bed

Figure 2.1: Schematic and image of the Benthic Cannon Apparatus used for entrainment
testing

2.4.4 Study Sites

Erosion experiments were conducted at nine different locations; some sites were visited mul-
tiple times to conduct trials. All of the streams were located in southwest Virginia near the
town of Blacksburg and had surface layers composed of gravel. It was important to vary
the testing location to obtain a variety of parameter combinations. Sites were prioritized for
different levels of embeddedness and dsg because shear stress was varied and controlled with
the Benthic Cannon.

Limitations to the study area included the size of the gravel making up the bed, flow
velocities of the stream section, and depth. The test section of the Benthic Cannon is only
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8 cm wide. So the gravel cannot be too large to prohibit an adequate seal with the bed.
In addition, swift-moving areas were avoided to evade difficulties in anchoring equipment to
the stream bed. The testing sites must also have been greater than 10.5 cm in water depth
to ensure that the Cannon was completely submerged, but not too deep as a vessel was not
used for testing, so the streams must have been wadeable. The stream sites selected were
chosen in both rural and urbanized areas where access to the stream could minimize the
transport of equipment to the site. A map of the sites can be seen in figure 2.2.

Figure 2.2: Map of locations used for entrainment testing

2.4.5 General Procedure

A location within each sample reach whose stream bed visually appeared to be uniform was
chosen for each trial. For a testing location to be used, there needed to be at least four 31
cm by 8 cm sections of the bed that were similar to each other visually with gravel size and
embeddedness levels.

Before measuring erosion with the Cannon, one section of the study area was used to
measure the initial embeddedness of the location (section 2.4.7 discusses how embeddedness
was measured). The Benthic Cannon was then placed in the stream with the test section
opening on an identified sample section of the bed. After setting up the Cannon, the entire
area was left undisturbed to allow any suspended fines that were stirred up by the installation
process to settle or advect downstream before starting the erosion test. Following this, the
pumps were turned on with the ball valves closed. The valves were then slowly opened until
a suspension of fine sediment was seen exiting the Cannon. The flow velocity exiting the
Cannon was then measured using a Pygmy Current Meter. This flow velocity was later
converted to a shear velocity (see Section 2.4.8 for details) and labeled the “incipient shear
velocity” of the site. Identification of the initiation of suspended sediment condition was a
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purely visual designation because the OBS did not always pick up the very low, and not
always well-mixed, conditions associated with the inception of mud entrainment.

For each subsequent trial, within the testing location, the Cannon was moved to the
next adjacent test area of the bed. The pumps were again turned on with the ball valves
closed and then slowly opened until just before the critical flow velocity where initiation of
suspended sediment was observed. At this point, the valves were opened to increase the
velocity in the Canon relative to the velocity of the previous trail. The slow initial opening
of the valves was done to reduce the effect of an unsteady pulse of water on the entrainment
of the mud as much as possible. Once the velocity was set, the pumps were left running until
there was no visible suspended sediment exiting the end of the Cannon. Following this, the
apparatus was moved and the resulting final embeddedness of the test section was measured.
An example of an area of stream bed before and after a test was run is demonstrated in figure
2.3. Once the trials were concluded in a given test location, a large sample of the surface-layer
gravel was collected for grain sizing.

Figure 2.3: Stream bed fine sediment presence before and after an erosive test was performed
to determine entrainment with the Benthic Cannon
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2.4.6 Grain Size

A standard sieve analysis was conducted for each surface layer sample collected to obtain
a grain size distribution and extract an average ds, of the gravel, or grain size in which
50 percent of the gravel is larger and 50 percent is smaller than the given size by weight.
Samples of grain size distributions at the testing sites are shown in figure 2.4.

100

80 1

60

40 A

Percent Passing by Weight (%)

20 A

T
10!
Sieve Opening (mm)

Figure 2.4: Sample grain size distributions of testing sites gravel surface layer

The field microscope known as the FlocARAZI (Osborn et al., 2021) was used to mea-
sure the size of the eroded mud. The FlocARAZI is an image-based system capable of
in situ measurements of suspended solid and flocculated particles in the size range of 10
pm to 2 mm. In some of the tests, the FlocARAZI was placed at the exit of the Ben-
thic Canon to capture the size of the muddy material being eroded. Figure 2.5 is a char-
acteristic example image from one test. Particle sizes are measured automatically using
a set of image-processing routines outlined in the following GitHub repository, https:
//github.com/Floc-Imaging-and-Image-Processing/FlocCam-ImageProcessing. The
process identifies and measures the area of in-focus particles and uses the measured area, A,
to extract a representative particle or floc diameter, d; = \/4A,; /7, and volume, V,; = 7d? /6.
These particle measures of d; and V),; are then used to build particle size distributions and cal-
culate size distribution statistics. Using the data from the FlocARAZI, average size statistics
for the eroded mud were dy16 = 48 pm, dgso = 133 pm, and dygq = 300 pm.


https://github.com/Floc-Imaging-and-Image-Processing/FlocCam-ImageProcessing
https://github.com/Floc-Imaging-and-Image-Processing/FlocCam-ImageProcessing
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Figure 2.5: Muddy suspended sediment entrained by the Benthic Cannon and captured by
the FlocARAZI

2.4.7 Embeddedness

Embeddedness, emb, is the measurement of how surrounded the surface layer gravel is by
fine sediment (Smith, 2023). This is represented as a percentage of a piece of gravel that is
buried under fine sediment. This measurement is made by grabbing a piece of gravel and
marking with the tip of your thumb on the gravel where it is buried up to in fine sediment
before lifting it off of the stream bed. The vertical distance from the bottom of the gravel
to the point marked by the thumb, z, is measured first. Then the entire vertical height of
the gravel, h, is measured. The embeddedness for an individual gravel grain is computed as

emb = % x 100% (2.14)

The embeddedness of each location was measured at each testing location at an undis-
turbed area, the same size as the Benthic Cannon’s testing section (30.5cm x 8cm), as
the initial value. Then the resulting embeddedness of the test section was measured after
each erosion test was conducted. Every piece of gravel that fell within the test section was
measured for its embeddedness and the average of these values was computed to get a rep-
resentative embeddedness value of the test section. If the gravel was completely buried in
fines, the emb value for that gravel piece was 100 percent. Similarly, if it was fully exposed,
the value was 0 percent. A minimum of 30 pieces of gravel were measured for each test
section to ensure a valid representation of embeddedness was determined.
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2.4.8 Shear Velocity

The shear velocity and shear stress the Cannon exerted on the bed during each trial were
calculated using the measured flow velocity exiting the Cannon, U, and a Darcy-Weisbach
friction factor, f, determined with the Colebrook equation. That is,

T=0p (g) U? (2.15)

where f is obtained using the Colebrook equation,

1 € 2.51
NG = —2log (3-7Dh) + Rev/T (2.16)

In equation 2.16, D, is the hydraulic diameter (D), = 4R;,) where R}, is the hydraulic radius,
and Re is Reynolds Number (Re = 4R,U /v). The absolute roughness value of the smooth
plastic pipes, €, was assigned a value of 0.0015 mm. u, and 7 were related through equation
2.8. All shear stress experienced within the Cannon is assumed to be skin shear stress.

2.4.9 Mass Erosion Rates and Calculation of F;; and E|

The rates of erosion produced by the Cannon were measured using the OBS attached to the
RBR duo3 logger. The turbidity data was recorded in units of NTUs, which is a measurement
of the opaqueness of the water, at a rate of 2 Hz. Having a sampling rate over 1 Hz was crucial
because the erosion tests only take on the order of seconds to complete due to the small test
section. Turbidity in NT'Us can be linearly correlated to a suspended sediment concentration,
C. A calibration between the two (NTUs and C in gr/L or kg/m?) was developed in a well-
mixed laboratory tank by adding a known mass of fine stream bed sediment to a known
volume of water and recorded the turbidity with the same OBS sensor used in the field
experiments. This calibration was done independently with mud samples from two different
streams, but no meaningful difference was observed between the calibration equations. For
this reason, all of the data were pooled to create a single calibration equation for all streams,
C = 0.0022(NTU) + 0.0056 (R? = 0.97) where C'is in kg/m?3.

After converting the data to C', the OBS data provides a mass concentration time series
for each erosion trial. The mass flow rate exiting the cannon can be defined as,

M(t) = /A uC(t)dA, = U,(C(t)) A, (2.17)

where M is the mass flow rate, u is the steady velocity field within the cross-sectional flow
area of the Canon, A., U, is the cross-sectionally averaged velocity exiting the Cannon,
and (C(t)) is the concentration spatially averaged over A.. For our purposes, we assume
that U is the velocity measured using the pygmy meter, and that (C(t)) = C(t) from the
OBS measurements,i.e, the OBS sees the average concentration existing the cannon, or the
suspension is well mixed over A..
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Equation 2.17 produces a mass flow rate time series for each trial. Integrating M over
time and subtracting off the mass associated with the background or base flow gives a total
mass eroded from the test site during each trial. This was accomplished practically as,

= [ aroya - M) : M(to) (2.18)

where
At =ty — 1 (2.19)

with ty being the time at which the concentration initially begins to deviate from the baseflow
condition, t; being the time when the concentration time series returns to the baseflow
condition (Figure 2.6). ¢y, and ¢ty were identified manually for each trial.
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Figure 2.6: Identifying the initial and final time for integration of the mass flux time series
obtained from the OBS turbidity data

The mass erosion rate, Fy;, for each trial was obtained by dividing the total mass eroded
during the trial by the time of the trial and the area of the bed test section, Arg, in the

Benthic Cannon:
M

ArgAt

This provides an erosive flux with units kg/(s-m?) for each trial. E, was then calculated for
each trial according to equation 2.2 and 2.3 as,

B, = L

T psws

Ey = (2.20)

(2.21)
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Because the material being eroded is mud, we use the floc size and fractal dimension, ny, to
define the sediment density and settling velocity as the floc density, ps, and settling velocity.
To do this, we used the following:

pr = Ryp+p (2.22)
where Ry is the floc submerged specific gravity,
d ng—3
R; =R, (—f) (2.23)
dp

dy is the size of the flocs, d), is the size of the particles making up the flocs, and ny is the
fractal dimension of the flocs.
The floc settling velocity was calculated using (Strom and Keyvani, 2011),

gRsd;

biv + by /ngd?c

with by, by, and ny set to 100, 0, and 2.5 respectively following the recommendations of
(Strom and Keyvani, 2011), and d, was assumed to be 10 pum based on previous grain sizing
of disaggregate stream mud from Stroubles Creek. Calculated py and w; values were based
on the measured dysp values of 133 pm.

(2.24)

Ws

2.5 Results

2.5.1 Erosion Without Bed Mobilization

The largest shear velocity experienced in any of the trials was u, = 0.033 m/s. Assuming
that initiation of motion occurs between a Shield’s parameter, 7%, of 0.03 and 0.05, this shear
velocity had the ability to mobilize gravel between 1 and 3 mm. This was determined using
equations 2.8 and 2.7.

2.5.2 Parameter Effect on Erosion Rates

A multiple linear regression with independent variables as initial embeddedness, dso of the
gravel bed, and skin shear velocity applied to the bed and dependent variable being the
erosive flux measured was conducted with a 95% confidence interval. The p-values asso-
ciated with each variable can be located in table 2.2. We see that shear velocity has the
greatest impact on the flux, followed by the bed gravel material size, and then the initial
embeddedness. The initial embeddedness is the only variable that did not have a statistical
significance.

Figure 2.7 shows the results from the linear regression and how well the independent
variables together can predict erosion rates of fines from the stream bed.
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Site  Stream dso u, Critical w, Applied 77, /T emby emby E;
(mm) (m/s) (m/s) mud (gravel) mud (gravel) (%) (%)  (-)

1 Stroubles Creek 5 N/A 0.018 N/A N/A 96 32 0.070
1 Stroubles Creek 5 0.014 0.015 0.327 (0.050) 1.12 (0.056) 90 33 0.041
2 Elliot Creek 15 0.017 0.018 0.492 (0.056) 1.17 (0.025) 19 19 0.0015
2 Elliot Creek 15 0.017 0.032 0.492 (0.056) 3.61 (0.076) 19 19 0.058
3 Elliot Creek 15 0.010 0.010 0.173 (0.057) 1 (0.018) 19 19 0.0018
3 Elliot Creek 15 0.010 0.025 0.173 (0.057) 5.99 (0.045) 19 19 0.041
3 Elliot Creek 15 0.010 0.027 0.173 (0.057) 7.28 (0.055) 19 19 0.048
4 N.F. Roanoke River 24 N/A 0.033 N/A N/A 24 13 0.0029
5 N.F. Roanoke River 25 0.014 0.028 0.329 (0.058) 3.93 (0.033) 20 15 0.054
5 N.F. Roanoke River 25 0.014 0.025 0.329 (0.058) 3.33 (0.028) 20 20 0.015
6 Stroubles Creek 11 0.013 0.020 0.304 (0.056) 2.25 (0.041) 73 37 0.039
6 Stroubles Creek 11 0.013 0.030 0.304 (0.056) 4.91 (0.090) 73 19 0.058
7 Stroubles Creek 17 0.010 0.019 0.179 (0.057) 3.53 (0.024) 51 34 0.037
7 Stroubles Creek 17 0.010 0.031 0.179 (0.057) 8.94 (0.061) 51 27 0.076
8 Stroubles Creek 20 0.011 0.018 0.210 (0.057) 2.69 (0.019) 43 22 0.010
8 Stroubles Creek 20 0.011 0.028 0.210 (0.057) 6.43 (0.044) 43 17 0.063
9 Stroubles Creek 22 0.015 0.017 0.405 (0.057) 1.21 (0.014) 46 14 0.003
9 Stroubles Creek 22 0.015 0.031 0.405 (0.057) 3.98 (0.046) 46 18 0.012

Table 2.1: Raw data at each testing site for all entrainmemnt test trials

p — value
embo d50

0.143

U

0.002

gravel

0.027

Table 2.2: p-values associated with independent variables in relation to their effect on the
measured erosive flux

2.5.3 Historic Model Performance and Adjustments

Since the most prevalent historic fine sediment entrainment models assume that the material
is uniform in size and is being entrained from a bed also comprised of the same material,
they do not account for the hiding effects provided from the larger grain sizes making up the
stream bed. The models compared to the data collected from gravel streams where hiding
effects are present are shown in figure 2.8.

Therefore, to produce accurate entrainment values, the models need to be updated to
account for the hiding effects produced by the gravel beds if they are present. However, they
also need to remain applicable for stream beds comprised of uniform fine sediment such as
estuaries or coastal regions.

To accomplish this, both near-bed equilibrium SSC equations 2.9 and 2.5 of van Rijn
(1984) and Smith and McLean (1977) will be altered by the hiding effect of the bed, or the
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Figure 2.7: Measured versus predicted values of erosive fluxes after running a multiple linear
regression with independent variables as embg, dsg of the gravel bed, and u, applied to the

bed

factor of the ratio of fines size to bed material size raised to some constant power, —M.
Both of these models are dependent on the excess shear stress, T', that is applied to the
bed material. For the test sites that had successful incipient conditions of fine sediment
entrainment determined, the critical shear stress was able to be obtained, therefore, excess
shear could be determined. Critical incipient shear velocities ranged from 0.010-0.017 m/s,
or in terms of Shield’s parameters, 0.15-0.44.

The updated models for van Rijn (1984) and Smith and McLean (1977) will therefore
take the form of the following equations 2.25 and 2.26 respectively for the determination of
entrainment coefficients.

ds T1'5 dfines —M
E, =0.015— _ 2.2
0.015 b D* (dgravel> ( 5>

(2.26)

s

06577 ((dyines \
n 1 + ’}/oT

These can also be rearranged by moving the new term to the other side of the equations
as follows and changing the sign of the constant M.

dfines M ds T1.5
E, = 0.015— 2.27
(dgravel> b D* ( )

dgrzwel
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Figure 2.8: Models performance before any account of hiding effects assuming mud floc size
as the determined dy,, = 133 pm

Apines \ 2 065707
E( f") _ 065%1 (2.28)

dgravel B I+ /YOT

This form is only used here as it allows for an easier view of model adjustment perfor-
mance graphically.

When using the adjusted models portrayed in equations 2.27 and 2.28, the models
produced the results displayed in figures 2.9 and 2.10. The constant M values that produced
the best fit for the Van Rijn and Smith & McLean models were M; = 0.123 and My = 0.4.
These produced R? values of 0.73 and 0.80 respectively.

Similarly to the adjustment made to van Rijn (1984) and Smith and McLean (1977), the
equation presented in Garcia and Parker (1991), equation 2.11, will be altered by a factor
of fine sediment size to the size of the bed material hiding the sediment. Notice that the
model equation for Ey is not altered in this case, but instead the equation for their input



2.5. REsuLTs 21

0.10 A
van Rijn - 1:1
| @ Measured Data () R?=0.73 /I
/
| [ ) /
[ ] ... [ /I
] | /
0.08 ; /
II °
2
102 y;
4 ,/
®
- /
0.06 o o //
g 5} ) /
—~ = /
1E 5 /e
SlE 2 o /
N2 S /I
a = 00419y / ¢
1073 b * /
] /
/
/
/
/
0.02 - /
o  °®
/
/
10 1 0.00 ¥
| T Tl T T oo T T T T T
10! 10° 0.00 0.02 0.04 0.06 0.08 0.10
Excess Shear, T’ Predicted E

Figure 2.9: Comparison between the predicted and measured entrainment coefficients using
the adjusted van Rijn (1984) model taking hiding effects of the gravel bed into account

parameter, Z,, is adjusted by the hiding effect. This is seen as follows.

! d ines s
Z,= =R" ( ! ) (2.29)

Ws dgravel

Where M is a constant. This will be the updated value that will be used in the original
E, model seen in equation 2.13. Leaving the Garcia and Parker (1991) equation for E; the
same and altering the equation for Z, to equation 2.29 to account for the hiding effects of
the bed produces the correction displayed in figure 2.11. In addition, the figure shows that
even if the dsg was incorrectly assumed to be 133 um, the adjusted model still produces good
results. This is shown by assuming the ds, is equal to what we measured at the dig and
dgs. It can also be seen how the entrainment coefficient values change as the size of the fine
material changes. This model adjustment provides the relation seen on the right in figure
2.11 with an R? = 0.71 for the adjusted prediction of entrainment for dsq = 133um. A value
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Figure 2.10: Comparison between the predicted and measured entrainment coefficients using
the adjusted Smith and McLean (1977) model taking hiding effects of the gravel bed into
account

of -0.362 provided the best fit for the constant Ms;.

2.5.4 Terminal Point of Erosion

As stated previously, each trial with the Benthic Cannon was terminated once there was
no more visible erosion of fine material occurring. It was at this point that the resulting
embeddedness, or how far down into the surface layer the fines eroded to until the hiding
effects of the surface layer were too strong. Knowing this value is important for quantifying
the total mass being eroded or knowing how long erosion will occur under a given set of
flow conditions. A new dimensionless parameter, S*, was developed to predict the terminal
erosion point, or the embeddedness level of the bed material. It is a function of the bed
material size, the fine sediment size, the entrainment potential of the fines, the shear stress
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Figure 2.11: Garcia and Parker entrainment model after the adjustment to the equation for
Z,, with different fine sediment sizes (left). The new measured versus predicted E; values
assuming dsy = 133 pm (right)

on the bed and the settling velocity of the fines.

4
emb ping = 53;3 (2.30)
D* 0.38 /
S = (T) +5.5 (5-) (2.31)
ng 1/3
D, =d { . } (2.32)

D, is a non dimensional grain size of the gravel surface layer bed material. The FEj
value should be obtained using one of the adjusted models to account for hiding effects in
the bed. The value obtained for emby;pq is the percent embedded that the dsg of the gravel
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bed will be left at given flow conditions. This will be referred to as the terminal point of
erosion when no more entrainment of fine sediment will occur unless there is an increase in
shear stress applied to the bed.

Using the new parameter, S*, along with equation 2.30, the results portrayed in figure
2.12 were obtained. The model produced an R? value of 0.60 for S* > 53.374. For S* <
53.374, the embeddedness is assumed to stay at 100%. This could be a state where fines are
just barely covering the surface layer of gravel or covering it by some thickness. Either way,
the model should provide the finishing point of an erosional state of given conditions.
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Figure 2.12: Prediction of the resulting embeddedness, embyiyq, when the terminal point of
erosion has been met using S* predicting parameter

2.6 Discussion

2.6.1 Erosion Without Bed Mobilization

As discussed in section 2.5.1, all of the trials were conducted without the mobilization of the
gravel surface layer. The largest shear stress applied during a trial was estimated to have
had the ability to move gravel of maximum 3 mm in size. This stress was applied to a bed
with gravel dsy = 24 mm. In addition, the site with the smallest dsq had a dsg = 4.74 mm.
No gravel was observed to be mobilized through the Cannon. Even the smallest gravel patch
remained unchanged through the testing. Because of this, it is safe to say that the muddy
fine sediment was entrained without the mobilization of the bed. This goes against previous
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assumptions that stated that entrainment and transport of fine sediment only will occur if
the surface layer of gravel is disturbed (Harvey et al., 2012; Park and Hunt, 2018).

It is obvious that if the gravel surface layer were to be mobilized and its hiding effects
eliminated, that the erosion of fines would be higher. However, with the rates experienced
and the mass of fines that can be trapped in the pore space of the surface layer of gravel
beds over a reach of stream bed area, it is crucial that we consider muddy fine sediment
erosion without the surface layer being mobilized.

2.6.2 Parameter Effect on Erosion Rates

It was initially believed that the main parameters that would have would have a large effect
on the rate of erosion at a given site would be the initial embeddedness, the dsy of the gravel
surface layer, and the skin shear applied to the bed. Though all of these parameters did have
an effect on the erosion rates measured, examining the p-values obtained from the multiple
linear regression outlined in section 2.5.2, the initial embeddedness did not have a statistically
significant effect on the rates of erosion. However, as both p-values for dx,,,,., and the skin
shear applied to the bed are less than 0.05, they do have a statistically significant effect on
the rate of erosion from the bed into the water column.

However, knowing the initial embeddedness still provides valuable information. The
initial embeddedness provides an idea of some volume or mass that is available within the
top layer of gravel in a stream bed. It also provides a knowledge of available pore space for
more muddy fine sediment to be deposited from the water column, but we did not recognize
it having an effect on entrainment. For a future study, we believe that initial embeddedness
could have a rising effect on entrainment with an increase in stream bed material size and
decrease in embeddedness.

2.6.3 Altered Historic Models

With simple adjustments of three historic fine sediment entrainment models seen in equations
2.29, 2.25, and 2.26, the updated models were able to not only be applied to sediment sizes
smaller than 62.5 pm, but all fine sediment in both gravel beds and beds comprised of the
same material as the fine material being modeled in suspension.

Though the simple adjustment to the models all provide reasonable results and esti-
mates for the entrainment coefficients measured in the field using the Benthic Cannon, the
adjustment to the Smith and McLean model produced the best results with an R?* = 0.80.
However, this requires the determination of the excess shear stress being applied to the bed,
so the critical Shield’s parameter, 7., needs to be determined. In the trials using the Benthic
Cannon, this value was obtained by recognizing the incipient point at which fine sediment
entered suspension. Estimating this value is possible based solely on the size of the sediment
(Brownlie, 1981), but it essential to account for the hiding effects caused by the surface layer
of gravel. This is as simple as multiplying the critical Shield’s parameter by a factor of the
ratio of grain size of the fines to the average grain size of the bed as discussed previously.
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This is portrayed by (Einstein, 1950; Parker, 1990; Wilcock, 1993).

€w=n< @T)M (2.33)

d50bed

Where M and n are constants. M is an exponent between 0 and 1.25. However, we
believe that the initial embeddedness can be used here to alter the hiding effect for the
determination of the critical or incipient Shield’s number. The expression for the hiding
effect would be altered to the following.

-M
&=n i (2.34)
(100 — embo)d50bed

Though not enough incipient data was collected to draw conclusive results, utilizing
Brownlie (1981) to estimate 77, and applying the hiding function provided in equation 2.34,
an R? value of 0.88 was obtained for a measured versus predicted critical Shield’s number
(figure 2.13). M = 0.23 and n = 1 worked best for the prediction of the measured data.

A future study of more incipient measurements could contribute to whether the assumption
put forth in equation 2.34 is valid.
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Figure 2.13: Prediction of critical shear stress accounting for hiding effects and utilizing the

distance of not embedded material instead of the full dsq of the gravel as seen in equation
2.34

All three models produced reasonable results in estimating the entrainment coefficients.
Garcia and Parker (1991) requires a settling velocity component while van Rijn (1984) and
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Smith and McLean (1977) both require a critical shear stress value to determine the excess
shear. Both the settling velocities and critical shear stresses can be determined from the
size of the fine sediment in question. In addition, with the added term utilizing the ratio of
fine sediment size to bed material size, both of those values are required regardless. So, no
one model is easier than another to compute. Therefore, we suggest the utilization of the
adjusted Smith and McLean (1977) model as it produces the best results with the measured
data.

2.6.4 Terminal Point of Erosion

As seen in section 2.5.4, the dimensionless S* parameter provides a relatively good estimate
as to when the erosional shear forces and the hiding characteristics of the bed reach a point
of equilibrium. This is helpful when trying to determine how much mass or volume of fines
will be pulled from the pore space of the gravel bed.

If the initial embeddedness values are known, and the new model using S* is utilized
to determine the resulting embeddedness, the dsy of the bed can be used to estimate a void
space volume of fines that will be eroded from the bed given a set of flow conditions.

Veroded = d5ogmelUJL(€mbo —emby)n (2.35)

Using a porosity value, n = V,,/V, determined from the grain size distribution of the
bed, and the change in embeddedness, the void space can be assumed to be filled completely
with fine sediment. An estimate for the volume of fines eroded given flow conditions can be
obtained over a reach length L given a bottom width w. This is a relatively simple way to
estimate the mass or volume of fines eroded per area of stream bed.

2.7 Conclusions

From this study, it is shown that it is important that we explain the entrainment of fine
muddy sediment from the stream bed into the water column even when the surface layer
of gravel is not mobilized. Though past models perform well under the assumption that
the bed material is of uniform size and is all comprised of the material being entrained into
suspension, that is rarely the case in natural fluvial systems. It is shown that these models
can be simply adjusted with a term similar to a hiding function utilizing the ratio of the
size of the sediment in question of entrainment to the average size of the bed material. This
was verified empirically using a new device named the Benthic Cannon which allows for in
situ, measurements of erosion rates of fine sediment. Measurements of how deep into the
undisturbed gravel surface layer that fine sediment was entrained or unclogged from the bed
aided in the creation of the new dimensionless parameter, S*. This parameter helps predict
the depth to which the given flow characteristics can overpower the hiding effects of the
surface layer and unclog the fines from the pore space. This will be beneficial in quantifying
the volume or mass of fines that will be brought into suspension given a storm event.



Chapter 3

Fine Sediment Deposition Within
Mounded Gravel Nests

3.1 Introduction

Nocomis leptocephalus, hereafter referred to as Bluehead Chubs or “chubs”, are a species of
fish that construct mounded nests out of gravel that sit above the local stream bed to spawn.
They are referred to as a “keystone” species because many other minnow species, referred
to as “nest associates,” also use chub-built nests to spawn (Vives, 1990). The chubs and
nest associates can survive in multiple stream types and environments including degraded
streams that may be polluted with high silt content (Johnston, 1994). They can survive
even in degraded streams because the chubs provide a clean nest for all by first digging a
small crater-shaped hole in the stream bed and then building the mound with cleaned pieces
of gravel to a height that sits well above the ambient bed. The nest and its silt-free pore
space therefore provide a spawning location that is both protected from predators yet still
rich in oxygen (Maurakis et al., 1991).

The behavior of animals is often explained by acts of selfishness that provide a more
beneficial outcome as a result of the selfish behavior. The selfish-herd theory states that
individuals within a heard that occupy the center or most optimal position, have maximized
the chance of survival (Hamilton, 1971). Though the original theory pertains to predation
and therefore the benefit of being at the geometric center of the group, what it is pointing
out is the benefit of being located in a zone of maximized fitness. Yet the zone of maximized
fitness may not always be located at the geometric center of the group. This is especially
true if stressors, such as abiotic factors, other than predation are at play.

Chubs have been observed to deposit their eggs on the upstream slope of the mounded
nests they build (Maurakis et al., 1991). In addition, the chubs prevent other nest associates
from spawning in the same pits as them showing that they specifically prioritize that spot
for themselves. Because chubs prefer to spawn on the upstream side of the nest, rather than
the geometric center of the nest, they may be responding to abiotic factors that are pushing
them to see the front of the nest as the one that provides the greatest fitness benefit for the
survival of their offspring.

It has been suggested that deposition of fine sediment, or siltation, on or within the
nest may be a factor chubs are considering when choosing a location in the nest to spawn
(Peoples et al., 2011). Wallin (1992) observed that fine sediment deposits on the downstream
surface of the nest begin to be visually evident approximately two days after the nest has

28
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been built. The presence of fine sediment over the back of the nest and the chub’s preference
to spawn in the front of the nest has led to the idea that chubs actively avoid locations in
the nest that tend to experience siltation with time. This fits the notion that chubs avoid
locations that might present unfavorable abiotic conditions for their eggs since the presence
of silt is known to lead, in general, to decreased levels of oxygen in pore-space water due
to inhibited flow and active oxygen consumption due to microbial respiration in the fine
sediment (Collins et al., 2017; Sear et al., 2017). Siltation on the upstream side of the nest
is not commonly observed because the current of the streams and the fanning of all of the
fish activity over the upstream half of the nest aids in keeping the gravel clean of silt (Potts
et al., 1988; Wallin, 1992). This includes the chubs moving the gravel around where their
eggs are spawned to keep the area clean of silt while the fertilized eggs are present.

Silt can arrive at the nest through different pathways due to the nature of the hydraulics
around and through the nest. Nests sit above the surrounding surface of the stream bed. As a
result, the local flow field surrounding the nest is altered relative to that of the ambient flow.
Flows accelerate over and around the front of the nest due to contraction effects (Henderson,
1966). On the downstream side of the nest, flow decelerates and may even separate to form
a protected low-velocity or even recirculation region (Mendoza and Shen, 1990; Strom and
Papanicolaou, 2007; Papanicolaou et al., 2012). The sheltered, low-pressure region of a wake
created by the nest, or any rock or bedform in the river, and secondary flow cells provide
conditions favorable for the deposition and build-up of fine sediment being carried over or
around the obstacle with the bulk fluid (Kostaschuk et al., 2009; Papanicolaou et al., 2012).
The observation that siltation is observed on the downstream or wake side surface of the
nest with time is congruent with the concept of sedimentation in the protected wake zone of
an obstacle.

Fine particles can also arrive in plane gravel beds or raised bedforms (similar to nests),
through turbulent diffusion and settling (Krishnappan and Engel, 2006; Mooneyham and
Strom, 2018b). This is true even in cases when flow conditions should prevent the settling
of fine sediment, i.e., cases when the turbulent shear velocity is much greater than the
settling velocity of the sediment (suspension thresholds are typically set when the two are
nearly equal (Garcia, 2008; Lamb and Venditti, 2016)). The primary reason for this is that
sediment that settles or is turbulently advected near the bed can become trapped in the
low-velocity pore space of the bed. Mooneyham and Strom (2018b) found that the ability
of a bed to capture fine sediment increases with pore space. So one might expect that the
clean gravel nest would have ample pore space and the ability to capture fine sediment.

Another mechanism of fine sediment transport to the nest could be that of advective
hyporheic pumping. The changes in velocity and depth brought on by the presence of the
raised nests will lead to time-averaged variation in pressure along the surface of the bed and
nest that may drive surface water through the nest similar to what is observed in sand dunes
(Elliott and Brooks, 1997; Janssen et al., 2012; Hester et al., 2013). If this occurs, then there
is a chance that sediment advected into the pore space along with the surface water may
settle or be filtered out if the suspended sediment sizes are of the same order as the pore
space similar to what has been observed in sand dunes and ripples (Packman et al., 2000;
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Dallmann et al., 2020).

3.2 Research Questions and Study Goals

Though siltation has not been studied in chub nests, deposits of fine sediment in the wake
region of the nest have been visually observed. Furthermore, it is known that fine sediment
can deposit within plane gravel beds with no extrusion of the bed in the form of a nest to
create a larger protected wake zone. For example, Mooneyham and Strom (2018b) showed
that clay-sized particles deposited within plane gravel beds even under high bed shear stresses
and that deposition of the clay increased with more available pore space. Furthermore, fine
sediment is known to be filtered out of hyporheic flow passing through raised sand dunes
(e.g., Packman et al., 2000). We, therefore, expect that fine clay and silt-sized mud can
deposit within chub nests either through surface sedimentation due to the low-velocity wake
structure, sedimentation due to settling in the low-velocity pore space, or through settling
of sediment carried with the surface water that is being hyporheically advected through the
nest.

The broader work associated with this study aims to determine if chubs are accounting
for siltation patterns when deciding where to spawn on the nest. As a first step toward that
end, we here aim to measure the siltation pattern within synthetic mounded gravel nests
placed in a stream known to be an active spawning reach for chubs. The intermediate ques-
tions we seck to answer with data from the study are: (1) is siltation within the nest larger in
the front or back of the nest, (2) is the siltation coming from ambient surface sedimentation
or settling of hyporheically-advected suspended material within the pore space, (3) how do
factors such as nest position within the river (thalweg vs bank) or nest physical geometry
impact siltation rates within the nest given ambient river conditions?

We explore these three research questions by deploying artificial chub nests in the same
habitat they use for reproduction during non-spawning seasons to assess the influence of fine
sediment deposition within the nests without the presence of fish.

3.3 Methods

3.3.1 Overview

The mass of fine sediment that accumulates within different locations in a bluehead chub
nest was determined by deploying artificial nests in a local creek between chub spawning
seasons. The artificial nests were constructed with gravel collected from chub-built nests
at the end of the previous spawning season. Sediment traps were installed in each nest to
determine the spatial sedimentation pattern. Nests were deployed in the thelweg and near
the bank for a range of flow conditions and the mass of sediment captured in each sampler
during each deployment time was measured. Ambient conditions in the river were measured
with a stage and turbidity meter to estimate the capture efficiency of a given nest; the
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efficiency is a ratio of the captured mass to the estimated total mass delivered to the nest
by advection.

3.3.2 Nest and Sampler Deployment and Retrieval

Enough gravel was collected after the spawning season to allow for two nests to be deployed
at a given time. The gravel from the nest had dig, dsy, and dgs of 10, 15, and 23 mm.
Porosity, as determined by Fuller (2022) of 0.4. Before the artificial nests were constructed
and deployed in the field, the gravel was washed to ensure all fine sediment captured during
the study was deposited in the nest from suspended sediment in the stream during the
deployment. Seven sediment-collecting jars were placed in each nest. Each jar had a 7.62
cm diameter opening, was 5 cm deep, and was filled with the same gravel used to construct
the nest. The jars are placed within the nest in the orientation displayed in figure 3.1 with
the opening of the jars facing up vertically.

Sediment Trapping Jars

Direction of flow

Figure 3.1: Orientation of sediment capturing jars spatially distributed throughout nest from
a plan view

Chub-selected gravel for the nests was limited and needed to be reused for each deploy-
ment of two nests. Nest stones were therefore placed on a patch of porous fabric to enhance
recovery of the nest stones after each deployment. For the actual construction, the fabric
was first anchored to the streambed. The sedimentation jar samplers were then arranged
on the fabric starting with the most upstream sampler and then working downstream to
ensure that any suspended sediment generated by operator movement in the stream was not
collected before placement of the nest stones. Once the jars were in place, the nest was
formed by placing the gravel in an ellipsoid mound with the long axis of the nest in the
downstream direction. The length, or long axis in the downstream direction (1), width, or
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short axis in the lateral direction (w), and height (h) of each nest were then measured. The
height of the nest was determined by measuring the water depth on each side of the nest
(from water surface to stream bed), taking the average of those two values, and subtracting
the water depth measured from the water surface to the middle of the nest, or the highest
point. One nest was placed in the thalweg of the cross-section where the water velocities
visually appeared to be the fastest. The other was placed closer to the bank where velocities
visually appeared to be slower than that of the thalweg (Figure 3.2).

Figure 3.2: Nests deployed in the stream and the anchored logger recording stage and tur-
bidity.

An RBR duo3 data logger with an attached optical backscatter sensor (OBS) and pres-
sure transducer (Figure 3.2) was deployed just upstream of the nests and was set to measure
turbidity (in NTUs) and depth at a rate of 0.1 Hz.

The nests were left in the stream for different lengths of time, ranging from 2 to 6
days depending on flow and weather conditions. It was crucial that the nest gravel was
not lost in the case of a high flow event. Therefore, if larger storms were expected, the
nests were collected, and the deployment was terminated. In addition, during testing, it
was determined that the collection jars became filled with fine sediment after 5 to 6 days of
baseflow conditions.

The collection jars are retrieved in the reverse order that they were placed to ensure
that sediment stirred up by the retrieval process was not sampled by a downstream jar. To
extract the jars, the top of the nest gravel was carefully brushed away to expose a jar and
allow for the lid to be installed. Once the lid was installed the jar was removed from the
nest. This process was repeated until all jars were collected. Following extraction fo the
sampling jars, all of the nest gravel was captured and retrieved by picking up the porous
fabric. The fabric and nest gravel were cleaned for reuse between deployments.
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3.3.3 Post-Deployment Sample Processing

The content of each sampling jar was wet sieved to determine the mass of fine sediment that
had deposited into the nest. Everything was passed through the 6.35 mm sieve to remove
the nest gravel to be reused that filled the sediment jars. The fine sediment in each jar that
passed the sieve was then further split with the 230 sieve (mesh opening of 62.5 pum) into
sand (d > 62.5 pm) and mud (d < 62.5 pum).

The sand samples for each jar were immediately transferred to the oven to remove any
moisture by drying overnight. The dry mass of sand accumulated in each jar was measured
by weighing after drying. The water and mud mixture (d < 62.5 um) produced by wet
sieving was put into a tall graduated cylinder, and left for multiple days to allow the mud
to settle to the bottom of the cylinder. The clear water was then carefully decanted until
only a thick mud slurry remained at the bottom of the cylinder. The slurry was placed in
a pre-weighed aluminum container and dried in the oven. The dried sample and container
were then weighed to obtain the dry mass of the mud. An example of sediment captured
and the wet samples separated by sand and mud is shown in figure 3.3.

Figure 3.3: (a) Fine sediment accumulated in the sediment capturing jars. (b) Separated
samples from the jars by sediment greater than 62.5 ym and less than 62.5 ym

Processing of the sediment collected in the jars provided the total mass of sand and the
total mass of mud collected over a known number of days for each jar. Since each jar was
placed in a particular location in the nest, the raw mass data from the samples provided
the means of measuring the spatial siltation pattern within the nest. More specifically, it is
important to determine if more sediment is being trapped in the upstream or downstream
side of the nest. For this analysis, the three jars across the middle of the nest were neglected
and the mass accumulated in the remaining four jars was summed (Figure 3.1). The two
upstream and two downstream jars were summed separately and the ratio of mass captured
in the upstream versus downstream jars were compared.

3.3.4 Mass Capture Efficiency

Larger quantities of suspended sediment in the creek will likely lead to larger amounts of
sediment being captured in the sampler. Furthermore, leaving the sampler out for longer in
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the creek will also lead to large quantities of fine sediment being captured in the sampler all

else being equal. Therefore, to help normalize the results we present both the total mass of

the sand and mud fraction as well as and mass capture efficiency of the nest as a whole.
The capture efficiency (r.) of the nests is defined as the ratio,

(3.1)

re =

M,

p

where M, is the mass of sediment captured by the nest and M, is the mass of sediment
estimated to pass through the nest. As stated previously, seven sediment-capturing jars
were placed within each nest. These were used to estimate M, for each nest as follows:
M,
M.=—A 3.2
CTATT (32)
In equation 3.2, M, is the total mass captured in the jars, A; is the area of the opening
of one jar, and A, is the area of the nest. Because the nests were arranged in an ellipsoid
shape, the area of the nest was computed as

Ay =7 (%") (3.3)

Therefore, estimating the capture efficiency of the nest was based on M, estimated from the
jar samples, the geometry of the nest, and the estimated M, value.

M, was estimated using a concentration of sediment in the ambient stream water outside
of the nest, C, the estimated pore-water velocity, the nest frontal inflow area, the porosity
of the nest, and the time for which the samplers were deployed.

Time series of the pore water velocity flowing through the nest and the suspended sedi-
ment concentration of the water entering the nest were driven by the data gathered outside
of the nest with the RBR OBS and pressure transducer. The OBS measures the turbidity
of the water in NTUs. These values were correlated to suspended sediment concentrations
using known masses of fine sediment collected from Toms Creek added to a known volume of
water in a mixing tank. These values produced the relationship, C' = 0.002(NTU) — 0.0065
(R?* = 1) where C is in kg/m?.

The velocity of water passing through the nest was estimated with the RBR depth
measurements, measurements of the ambient approach velocity, and 3D permeable-bed hy-
drodynamic simulations of flow through the nest (Yang et al., 2024). To do this, the velocity
and water depth or stage were first measured at each nest deployment location during both
low and high-flow events. With this data, the lower and upper bounds on the ambient ap-
proach velocity, U,, in the stream during the times of deployment were estimated to be 0.1
and 1 m/s. The lower and upper bounds on the approach velocity were then used as the
approach velocity in the 3D permeable-bed computational fluid dynamics (CFD) simulations
of the mounded chub nest carried out by Virginia Tech collaborators Ph.D. student Huan
Yang and Dr. Hosein Foroutan. Huan Yang then provided average longitudinal pore-water
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velocity values through the nest from the CFD simulations, and these values were integrated
into a single average pore-water velocity, U,, for the nest. For example, the U, values asso-
ciated with the ambient stream velocities of 0.1 and 1 m/s were U, = 0.012 and 0.169 m/s,
respectively. These values were used to linearly interpolate a pore velocity corresponding
with any ambient stream velocity, which was estimated by the stage being recorded.

The RBR data therefore provides time series estimates of C' and U, at a resolution of 0.1
Hz during each deployment. Taking the product of these time series results in a maximum
mass flux time series passing through the nest. When integrated over the frontal pore space
area of the nest, or multiplying by nAy, where n is the porosity, if C' and U, are assumed to
be area-averaged values, a mass flow rate time series can be obtained.

M(t) = U,C(t)nA, (3.4)

where A; is assumed to be half of an ellipse,

=7 (%“’) (3.5)

Integrating M over time provides M,. This is demonstrated in the following relationships.

M, = /tf M (t)dt (3.6)

with ¢ being the time at which the nest deployment begins and ¢; being equal to the time
when the mass capture samples were collected.

3.4 Results

3.4.1 Spatial Siltation Comparison

After combining the mass accumulated in the sampling jars placed toward the upstream and
downstream part of the nest and separating them into mud and sand components (greater
than or less than 62.5 um), the ratio that deposited in the front half versus the back half of
the nest was determined. The results are shown in figure 3.4.

It is seen that in all 10 nests examined, mud was preferentially deposited in the upstream
half of the nest. That is, more mud deposited in the front than the back of the nest. The
sand size sediment did not have a consistent spatial trend. In fact, 5 of the 10 nests had
more sand depositing in the front while 5 had more sand depositing in the back. There was
also no consistent trend in the ratio of mud sized to sand sized sediment depositing within
the nests. The ratio of mud mass to sand mass captured per nest ranged from 0.26-2.43.

3.4.2 Nest Dimensions Effect on Capture Efficiency

The data collected from each nest was compiled to determine the effect of the nest dimensions
on how efficient the nests were in capturing the sediment flowing through it. Capture
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Figure 3.4: Mud and sand mass ratio distributions between the upstream and downstream
halves of the nests

efficiencies measured ranged between 0.002 and 0.185. The length, width, and height of the
nests were all separately compared to the capture efficiency calculated (figure 3.5). The
length and height of the nests had the largest effect with R? values equal to 0.76 and 0.54
respectively. The width showed the least effect on capture efficiency with R? = 0.24.

3.5 Discussion

3.5.1 Spatial Siltation Comparison

As seen in figure 3.4, the sediment classified as mud, or anything d < 62.5 pum, primarily
deposited in the upstream half of the nest in every single nest that was deployed. The sand
class, anything captured with d > 62.5 ym, however, was more random in which half of the
nest captured more. Exactly half of the nests experienced more deposition of the sand class



3.5. DiscuUSsSION

37

R%?=0.76 ! R?=0.24
0.20 - : 0.20 - :
o o
» °
/
0.15 A ® / 0.15 1 (]
/
/
/, /’/
/ 7
. 0.10 / o 0.10 A /
& ’Q® N AL
/ 7
@ // [
/ s
0.05 / 0.05 Re
/I ~
¢ @ // ®
/,
0.00 .,‘ ° 004 7@ ©® °
7
/ ’
7/
yi /
T T T T T T T
40 50 60 70 80 40 45 50 55 60
Length of nest, [ (cm) Width of nest, w (cm)
2 _
020 - R*=0.54
o
\ @
\\
0.15 1 \ ()
\
\
\
\\
. 0.10
& ‘\
\
® \
\\
0.05 ~ \
\\
o
® a
0.00 %o
\
\
T T T = T
0 5 10 15 20

Height of nest, h (cm)

Figure 3.5: Length, width, and height of the nests compared to the capture efficiency for

each nest

in the upstream of the nest, and the rest had more in the downstream by mass.

Each of the three possible pathways for mud to make its way into the nest outlined in the
introduction can be linked to a hypothetical deposition pattern. Suppose the material found
in the nest is primarily arriving by surface deposition due to the presence of the low-velocity
wake. In that case, it is reasonable to expect that the accumulation amounts would be higher
in the back of the nest (Figure 3.6). Suppose it was due to sediment arriving at the bed
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from generic turbulent diffusion or settling. In that case, one might expect no strong spatial
preference in the accumulated mass. If the arrival pathway is hyporheic pumping through
the nest (Figure 3.6), and the settling velocity of the mud is high enough or the pore water
velocity is slow enough, then one would expect higher deposition amounts in the front of
the nest. The reason for this is that the steady-state solution to the suspended sediment
transport equation, which would provide a solution for C' = C(z) is an exponential function
that decays with distance through the nest, x (Culp et al., 2021). Because deposition scales
with the local concentration and settling velocity of the sediment, one would expect higher
volumes of sediment to deposition at the front of the nest.

Direction of flow Flowlines
____________ -, o £

—— ==

Hyporheic Flow

Figure 3.6: Flow around a chub nest

Though the exact pathway the fine sediment took from the stream to the sampling
jars is unknown, we are led to believe that the sediment size less than 62.5 pym deposited
while traveling through the low-velocity pore space of the nest as hyporheic flow. As it
made its way through the nest in suspension at some concentration, we believe that the
water /sediment mixture gets stripped of the sediment, thus filtering out and decreasing C
as the mixture moves through the nest.

This idea is contrary to the previous belief that fine sediment will accumulate more
heavily on the downstream side of the nest due to the wake or separation eddy caused by
the nest allowing for the sediment to “rain down” and get caught in the re-circulation of the
water to deposit. The deposition on the downstream side of the nest still occurs, but the
reason the upstream side appears “clean” is believed to be due to the cleaning activity of
the chubs while embryos are present (Wallin, 1992).

The deposited mass of sediment greater in size than 62.5 pum showed no consistent
spatial trend within the nest. One might have expected the coarser sand fraction to follow
the spatial distribution of the mud if the primary transport pathway into the nest was
hyporheic pumping. However, our data does not show this same pattern. A potential reason
for the lack of spatial pattern might be that the majority of the sand that entered the nest
settled to a level below the top of the jars before reaching the first sampling jar (Figure 3.1).
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The advective length scale of a particle in the x or along the current direction, L,, is:

Uy,

Ws

La (3.7)
where h, is the vertical height over which the particle must settle and w, is the settling
velocity of the particle. Therefore, as w, increases moving from mud to sand, L, will decrease.

Though our qualitative pattern analysis is not capable of precisely defining the pathway
the sediment took to its deposition location, measurements of captured mass within the nest
are inconsistent with the visual observations made of the surface of the nest; where larger
amounts of silt have been observed on the downstream side. This does suggest that siltation
within the nest is likely not primarily driven by surface sedimentation. While the data does
support the idea that sediment is primarily arriving via hyporehic flow, it is important to
recognize that the nests being used for experimentation were not actively being used by
chubs or nest associates during the deployment. Therefore, the fish were not cleaning off the
front of the nests or interacting with them in any way. Visually, an equal amount of surface
deposition was distributed over the entire nest.

3.5.2 Nest Dimensions and Capture Efficiency

The largest correlations between sediment capture efficiency and the nest geometry pa-
rameters existed between the length and height of the nest and the corresponding capture
efficiencies. It is important to note that a large part of the correlations is due to how the
capture efficiency of a nest is determined. This is because the frontal area and total area of
the nest are used to determine the mass that passed through the nest and the mass captured
by the nest respectively. The height of the nest is used to calculate the frontal area and the
length to calculate the total area. The width is used in the determination of both areas.
This is why the width does not have as strong of a correlation because it gets canceled out
when calculating the capture efficiency.

Due to how the capture efficiency is calculated, the height and length of the nest should
have an inverse but equal effect on the capture efficiency of the nest, but it is seen that
the length has a greater effect on r.. This makes sense and supports our hypothesis that as
the length of the nest in the downstream direction increases, the amount captured should
increase since there is a longer distance and area in which the sediment is being stripped, or
filtered, from the water column.

The height of the nests had an inverse relationship with the capture efficiencies pro-
duced. This makes sense again based on the calculation of r.. However, this can also be
due to the physical arrangement of the nest and jars. Roughly the same volume of sediment
was used to create each nest. So if a nest is taller, then it is likely that the nest is also
shorter in length. Therefore, taller nests are thought to be less efficient silt traps if they are
also shorter in length. Another potential reason that a taller nest might be less efficient is
that it might be easier for the sediment moving through the nest higher up to bypass the
samplers due to the increased height over which the sediment must settle. If h, goes up,
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then L, increases (equation 3.7) and potentially exceeds the length of the path through the
nest. Thereby bypassing capture in the jars.

Additionally, in the case of “rain down” deposition, the jars most likely miss more and
more of the material “raining down” on the nest as the height of the nest increases due to
some of it being trapped on layers of gravel above the jars. If the sediment was primarily
entering the nest along this pathway, then taller nests would do a better job at protecting
the eggs buried lower from being suffocation by fine sediment as more sediment would be
getting trapped on higher layers of gravel getting filtered before reaching the bottom of the
nest.

3.6 Conclusions

Bluehead chubs spawn their eggs in mounded nests that they create by picking up pieces of
gravel with their mouth and placing them in a mounded pile. The Chubs consistently place
their eggs in the upstream half of the nest. Fine sediment poses a risk to the Chubs’ eggs
as it can clog the pore space between the gravel, potentially block dissolved oxygen from
getting to the eggs, and may even add an oxygen demand to the nest.

Though it has been suggested that the chubs place their eggs in the upstream portion
of the nest because more fine sediment deposits in the back of the nest, our study shows
that more fine muddy sediment deposits in the upstream side of the nest relative to the
downstream. This leads us to believe that the siltation in the nest primarily occurs as
sediment gets stripped from the water being advected through the nest pore space. We
expect that the visual disparity in the amount of silt on the surface of the nest in the field
during spawning season (i.e., larger quantities of silt on the surface of the downstream side
of the nest relative to the upstream side), is due to a combination of the low-speed wake
zone flow field and the active cleaning of the upstream portion of the nest by fish. Without
the presence of the fish and their active cleaning of the front, the sedimentation data from
these experiments suggest that the surface pattern evident during spawning does not fit the
spatial pattern of material deposited in the nest. It is unknown if the internal deposition
pattern would change if fish were actively fanning the front of the nest to keep the surface
clear of fines.

Data from this study suggest that nests with a more elongated alignment with the
downstream flow direction will have a higher sediment trapping efficiency relative to nests
that have their elongated axis perpendicular to the flow. Additionally, shorter nests appear
to have higher trapping efficiencies than taller nests. Taken together, nests that are taller
in height and shorter in the direction aligned with the current will have the lowest trapping
efficiencies. This means that nests that are taller and shorter in the downstream direction
will accumulate less fine sediment than a nest that is shorter in height and longer in length.
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Conclusions

Fine muddy sediment (grain size < 0.1 mm), comprised of both organic and inorganic matter,
is a natural product found throughout the entire fluvial system including the floodplains,
suspended in the water column, and deposited in the stream beds. Due to the small size,
the fine sediment primarily travels through the system as a suspended load. In the past
has been treated as a washload where it has been assumed to never deposit until reaching a
near-zero velocity region. However, due to the amount of muddy fine material found within
stream beds, it is important to shift from this oversimplification and treat fine sediment
transport through the system as a series of depositional and erosive events. The presence of
fine sediment in fluvial systems has a multitude of effects on humans, the aquatic ecosystem,
and land building. Though beneficial for areas where land loss is of concern, most effects
adversely impact the fluvial environment and those that depend on it, both human and
aquatic biota. Anthropogenic changes to the earth are also increasing the supply of fine
sediment to fluvial systems. For these reasons, we believe it to be crucial to transition the
strategy of fine sediment transport modeling to multiple series of depositional and erosive
events through the system.

While it is accepted that mud deposits and is stored in the bed until resuspension occurs,
the lack of understanding of entrainment fluxes of mud from the stream bed contributes to
fine muddy sediment being ignored in transport models. Chapter 2 aimed to study the
entrainment of mud from immobile gravel stream beds. The key findings are summarized as
follows.

1. The assumption that the fine sediment stored in a stream bed will only resuspend once
the bed material is mobilized is invalid as entrainment was seen in all cases with the
gravel bed material remaining immobile. Therefore, we believe that muddy sediment is
being entrained and depositing more frequently than what was assumed before, during
storm events that do not reach bankfull conditions, or conditions to mobilize the gravel
surface layer.

2. Entrainment of loose muddy sediment stored in the stream bed can be modeled using
the framework of classic sand entrainment models adjusted to account for the hiding
effects that the gravel bed provides for the fine sediment.

3. Embeddedness did not prove a statistically significant effect on the entrainment fluxes
measured, but we believe that as gravel grain size increases, it will have a greater effect
on the critical shear value for entrainment

41
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4. The terminal point of entrainment, reported as a final embeddedness, can be predicted
given stream bed and flow characteristics.

Chapter 3 examined depositional tendencies of fine sediment as it pertains to fish species
that are directly affected by its presence in the streams. Data was collected using artificial
Bluehead Chub spawning nests to provide a better understanding to their typical spawn-
ing behavior of placing their eggs in the upstream side of their nests. The findings are
summarized as follows.

1. For sediment d < 62.5 yum, more deposition was consistently seen in the upstream half
of the nest, where sediment d > 62.5 pym showed inconsistent depositional patterns
throughout the gravel nests. We believe that the clean upstream faces of real chub
nests observed in the field is due to the chubs’ consistent cleaning of the upstream
gravel while nests are active.

2. Mud is believed to deposit primarily in the nest by getting stripped from the wa-
ter /sediment mixture being hyporheically pumped through the nest.

3. No consistent depositional patterns were seen between the thalweg and bank nests.

4. As nest shape got longer in the downstream direction, the capture efficiency of the nest
increased. As height of the nest increased, the capture efficiency decreased. However,
we believe that the effect of the height was due to the sampling jars sitting on the
bottom of the nest and fines got trapped on upper layers of gravel within the nest.

In the future, it would be helpful to further investigate the effects of embeddedness or
a volume of fines stored or volume available for storage on the entrainment and deposition
of fine sediment within plane gravel beds. More data on critical Shield’s parameters should
be collected with a larger range of gravel grain sizes and a range of embeddedness values. A
wider test section than what the Cannon provided would be necessary for this. Deposition
has historically been modeled as the product of the settling velocity and the near bed con-
centration, but should also be investigated how the volume available in the contributes to
the depositional rates in a plane gravel bed.

In regard to chub spawning nests, a vertical sediment capture distribution would be
helpful in determining how much sediment travels to the bottom of the nest versus getting
trapped on upper layers of gravel within the nest. Depositional tests within a nest could also
be performed in a flume so that the testing environment is more controlled with consistent
flow conditions and sediment concentrations present. New sampling jars should be used that
have an open front to allow sediment into them in ways other than just from the opening on
the top.

With the combination of these two studies, we can confirm that material previously
treated as a washload and neglected in transport models, can go through a series of deposition
and resuspension phases and should be treated as such.
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