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In most sediment transport models, a threshold variable dictates the shear stress at which non-

Deleted: characteristics of the flow and surrounding grains.

negligible bedload transport begins. Previous work has demonstrated that nondimensional
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1 Motivation

Despite over a century of quantitative study (Gilbert, 1914), it often remains
challenging to predict gravel transport rates to much better than an order of magnitude

because of the complexity of grain interactions with the flow and the surrounding grains_(e.g.,
Schneider et al., 2015; Nitsche et al., 2011; Rickenmann, 2001; Wilcock and Crowe, 2003;
Chen and Stone, 2008). Predictive models for complex systems often derive utility from their
simplicity, as is the case with the widely-used Meyer-Peter and Muller (1948) transport

equation, as modified by Wong and Parker (2006):
q. = 3.97(2'* -7, )L5 for o> 1)

where q; is a nondimensional sediment transport rate per unit width, z* is a nondimensional

shear stress imparted by the fluid on the channel bed (a Shields stress), and 7, is the

nondimensional threshold stress at which grains begin to move (a critical Shields stress).
Variables are nondimensionalized as follows;

Q) = @
D (psl)gD
P
. T 3
" "l -p)D ®

where g, is volume sediment transport rate per unit width (m?/s), D is grain diameter (m),
p, is sediment density (m3/kg), p is water density (m%kg), g is gravitational acceleration

(m/s?), and 7 is shear stress (Pa), In principle, these nondimensionalizations should account

for differences in grain size, fluid and sediment density and gravity, allowing meaningful

comparisons of transport and stress across different conditions,_For a given grain diameter

(and gonstant p,, p and g assumed for terrestrial landscapes), the simplicity of Eq. (1) is

that it predicts transport rate using just two variables,' 7 (a function of flow strength) and 7,

(a function of many variables). In practice, 7, is often back-calculated from shear stress and

bedload transport rate, essentially making it an empirical fitting parameter for a given

transport model (e.g., Wong and Parker, 2006; Buffington and Montgomery, 1997). For

/{ Deleted: coarse bedload

| /{ Deleted:

/[ Deleted: ed

///{ Deleted:

example, using the original dataset of Meyer-Peter and Muller (1948), " and q; give best-fit
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7.=0.0495 for Eqg. (1) (Wong and Parker, 2006). Other bedload transport models have been Deleted: In practice, 7, can essentially be an empirical

. . fitting parameter for a given transport model (e.g., Wong and
developed that do not use an absolute threshold stress below which transport is zero, but Parker, 2006; Buffington and Montgomery, 1997).

rather a “reference” stress that corresponds to a very low but non-zero transport rate (e.g. Deleted: }

Parker, 1990; Wilcock and Crowe, 2003). For most applications the practical difference

between threshold and reference stresses are negligible (Buffington and Montgomery, 1997).

In the present work, threshold and reference stresses are used interchangeably.

Thresholds of motion for gravel often span an order of magnitude or more (Fig. ])._/{Deleted:;see caption for data sources }

Variability in 7, greatly influences bedload flux predictions in mountain rivers because

transport_typically occurs close to thresholds conditions, even during large floods (Phillips et
al., 2013; Parker et al., 1982; Parker and Klingeman, 1982). Previous work hﬁdemonstrategL/{ Deleted: s

that a great many factors collectively cause z, scatter_(e.g., Buffington and Montgomery, /{Deleted: that can

1997; Kirchner et al., 1990). Slope can empirically explain 34% of the variability shown in /{Deleted:;for example, s }

Fig. 1 data, However, other variables including the strength of turbulent velocity fluctuations, Deleted: (e.g., Buffington and Montgomery, 1997;
Kirchner et al., 1990; Lamb et al., 2008).

and flow depth relative to bed roughness, also vary with reach slope and have been interpreted

to_influence 7, _mechanistically (Lamb et al., 2008). In addition, thresholds can change

temporally: using field data, Turowski et al. (2011) demonstrated that threshold discharges for

the start and end of bedload transport could change by an order of magnitude during a given

flood event.

Although thresholds of motion may dynamically evolve over time, we suggest several

reasons why an assumption of constant z;_remains ingrained in some studies. First, the

traditional Shields diagram indicates that z;_is rather insensitive to particle Reynolds number

once flow becomes hydraulically rough around grains (Buffington, 1999). Second, because

the best estimate of a given variable is usually its average, there is a tendency to attribute

variability to measurement noise and uncertainty, even when that variability may be real,

understandable, and important to system dynamics (Jerolmack, 2011; Buffington and
Montgomery, 1997; Chen and Stone, 2008). Third, a broadly applicable model for the

temporal evolution of 7,_has arguably not been developed, although progress has been made

(Recking, 2012; Bunte et al., 2013; Wilcock and Crowe, 2003). Next in this section, |

summarize previous work on_z,_controls, suggest ways that evolving z,_may influence
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gravel-bed river morphodynamics, and then propose specific hypotheses to be explored with a

new model for 7, evolution.

A

1.1 Previous work: mechanistic controls on_z; Formatted: Font: Not Bold ]
- Formatted: Heading 2, Indent: First line: 0" ]

In order to review previous work in an organized manner, factors affecting z,_are

categorized as (a) grain controls, (b) bed state controls, (c¢) discharge controls, and (d)

sediment flux controls, while acknowledging that many specific factors are interrelated and

can be classified in more than one category. The literature on thresholds of motion is vast; |

highlight select papers while acknowledging that many contributions are not explicitly

reviewed.
Grain controls are physical characteristics of individual clasts that influence ;. In Deleted: Although interrelated, 7, influences can
.. A ) ) : _ generally be classified as grain controls, “bed state” controls,
addition to diameter and density,_these jnclude shape and angularity (e.g., Prancevic and and flow controls.
Lamb, 2015; Gogus and Defne, 2005). By controlling surface grain size, armoring acts as a \[Deletetﬁ grain controls ]

grain control (e.g., Dietrich et al., 1989; Parker and Toro-Escobar, 2002). However, the grain

size distribution (GSD) of the surrounding bed has also been shown to strongly influence . ;

armoring can therefore also be a bed state control. In many mixed grain size transport models,

hiding/exposure functions quantify the observation that grains smaller than the average bed

surface tend to be relatively less mobile than expected based on diameter alone, while grains

larger than average tend to be relatively more mobile than expected based on their diameter
(e.g., Parker, 1990; Wilcock and Crowe, 2003). Spatial heterogeneity in surface GSDs,

whether randomly distributed or sorted into patches, can also influence local 7, (Chen and

Stone, 2008; Nelson et al., 2009). Mechanistically, contrasts in diameter between a grain and

the surrrounding bed affects pocket geometry. On rougher beds, grains tend to protrude less

into the flow and therefore tend to be more stable (higher 7). /{ Deleted: (Chen and Stone, 2008; Nelson et al., 2009) }

— v

Sand content is a related GSD bed state control: increasing sand content of alluvial

bed surfaces has been shown to decrease gravel thresholds of motion (e.g., Curran and
Wilcock, 2005; Iseya and lkeda, 1987; Jackson and Beschta, 1984). Wilcock and Crowe

(2003) explicitly incorporated this sand dependence into their transport model:

7. =C +Ce % 4




160 where ¢, is a reference stress (rather than an absolute threshold) for the geometric mean

161  diameter of the bed surface GSD, Fs is the spatial fraction of sand on the bed surface, and

162  constants ci, c2 and c3 were empirically calibrated from flume data to be 0.021, 0.015 and 20

163  respectively. These values result in 7, varying between 0.021 and 0.036, which is in the

164  range of typical 7, (Figure 1). Subsequent work has shown that the effects described by Eq. 4

165 are not unique to sand sizes only. Thresholds of motion for intermediate surface diameters

166  (e.q. Formatted: Font: Italic }
167 larger than 2mm (Venditti et al., 2010; Sklar et al., 2009; Johnson et al., 2015). Formatted: Font: Hallc, Subscript }
168  Mechanistically, the addition of sand or finer gravels smooths the bed surface by

169 preferentially filling local topographic lows, which can affect pocket geometries (making it

170  easier for larger grains to rotate out of a stable position), and also reduce local hydraulic

L71  roughness, increasing near-bed velocity and increasing drag on protruding grains.

72 Many studies have explored the bed state control of stabilizing structures formed by

173  coarse grain clusters (e.g., Church et al., 1998; Strom and Papanicolaou, 2009). Other bed ﬂ Deleted: Bed surface controls include the grain size J
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175 bed compaction or dilation, (e.g., Parker, 1990; Wilcock and Crowe, 2003; Sanguinito and
176  Johnson, 2012; Buscombe and Conley, 2012; Mao, 2012; Kirchner et al., 1990; Strom and

Deleted: , the protrusion of grains into the flow, the degree
of coarse grain clustering, the bed roughness, and the reach

slope
177  Papanicolaou, 2009; Marquis and Roy, 2012; Powell and Ashworth, 1995; Richards and ;
178  Clifford, 1991; Ockelford and Haynes, 2013)._ By combining experimental data and a
179  numerical model, Measures and Tait (2008) show that increasing grain-scale bed roughness
180  tends to shelter downstream grains, reducing entrainment. Mechanistically, these factors attest
181 to how, even if grain size does not change, grains can move from less stable to more stable /{Deleted: }
182  configurations. Coarse grain clusters can also enhance bed stability by increasing surface
(183  roughness, tending to deepen potential grain pockets.
184 Flow characteristics influencing z, include particle Reynolds number, flow depth
185 relative to grain size, the intensity of turbulence, the history of prior flow both above and
186  below transport thresholds, and the partitioning of stress into form drag and skin friction (e.g.,
187  Shvidchenko and Pender, 2000; Ockelford and Haynes, 2013; Schneider et al., 2015;
F88 Valyrakis et al., 2010; Celik et al., 2010), Most flow-dependent controls are not independent /{Deleted: }
189  of the bed surface controls. For example, flow depths, turbulence and form drag depend on Deleted: However, m }

190  slope and bed roughness, while the stress history influences z, by changing grain interlocking
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and surface roughness._Mao (2012) showed that thresholds of motion and bed roughness both

evolved during hydrograph rising and falling limbs, leading to bedload hysteresis.

Recent work also suggests that sediment transport can affect 7., with higher rates of+— | Formatted: Indent: First line: 0.49"

. . . . . Deleted: In addition, recent work suggests that the amount
upstream supply corresponding to more mobile sediment and lower 7, (Recking, 2012; Bunte of sediment supplied from upstream
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etal, 2013).' The idea that transport rate influences 7, is an intriguing feedback and the focus

Deleted: Sensitivity of T: to sediment flux is not

of the present analysis because, by definition, z, influences transport rate (Eq. 1). obviously classifiable as either a flow or a bed state control.

Mechanistically, mobile grains impacting stationary grains have been shown to dislodge and Deleted:

entrain grains into the flow (Ancey et al., 2008). Empirically, Bunte et al. (2013) interpreted /{Deleted:

that lower z._corresponded to looser beds caused by higher rates of sediment supply from

upstream, and noted that the stability of bed particles can be gualitatively assessed in the field

while doing pebble counts. Yager et al. (2012b) demonstrated that in-channel sediment

availability varied inversely with the degree of boulder protrusion, indicating preferential

filling of topographic lows by mobile sediment.

Recking (2012) compared bed load monitoring records from steep natural channels

(>5% slope) to differences in sediment supply interpreted from aerial photographs of

surrounding hillslopes. Channels with higher supply rates had higher transport rates for a

given shear stress, consistent with a dependence of transport thresholds on supply. While

Stating that deriving a threshold model “taking into account the sediment input as a parameter /{Demed: This feedback is the focus of the present analysis. }

would be difficult”, Recking (2012) proposed guantitative bounds on reference stress for the

end-member cases of very high sediment supply (z

*
mss

) and very low sediment supply (z;,) in

steep mountain channels:

-15
. D,

o =(55 + 0.06)(8“) (5)

DSO

D 444515

. =(55+ 0.06)[84] (6)

50
It should be noted that these reference stress equations describe transport of the Dss grain size<’4[ Formatted: Indent: First line: 0" ]

(rather than say Dsg), using a Dgs—based bedload transport model (Recking, 2012).

Importantly, the ratio Dsa/Dsg is included in Eq. 5 and 6 to represent surface armoring, which

tends to vary with sediment supply (Dietrich et al., 1989), thus relating bed state controls to
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supply-dependent bounds. Overall, this review of previous work suggests that numerous

interrelated variables influence 7., but also that many controls on z,_may share similar

sensitivites to changing bed roughness and sediment supply. |

1.2 Morphodynamics and hypotheses

Feedback between channel morphology and bedload transport defines mountain river

morphodynamics. The Exner equation of sediment mass gconservation quantifies how

transport changes correspond to topographic changes (Paola and Voller, 2005):

oz 1 0
o _ | A )
ot \1-2, ) ox

where z is bed elevation (vertical position), x is horizontal position, t is time, and 4, is bed

porosity. In this morphodynamic equation (presented for simplicity without an uplift or

subsidence term), topographic equilibrium (0z/6t = 0) is attained when the sediment flux into
a reach equals the sediment flux out (dg,/0x =0). Channel morphology has long been

recognized to influence sediment transport. Of particular relevance to the present work, Stark

and Stark (2001) proposed a, landscape evolution model with a variable called channelization

that is defined as representing “the ease with which sediment can flux through a channel

reach”, Conceptually, channelization characterizes how changes in reach morphology

influence local transport rate. However, channelization is an abstract unitless number that
does not correspond physically to any measureable aspects of morphology. A fundamental
feedback is imposed in the Stark and Stark (2001) model: channelization evolves through

time as a function of both sediment flux and of itself, resulting in a differential equation. The
combination of local slope and channelization tend to asymptote towards values such that
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z': is rather insensitive to particle Reynolds number once
\ flow becomes hydraulically rough around grains
\ (Buffington, 1999). Second, a belief that ‘r: is

\ fundamentally a material property of a grain rather than a
\ bed state control also remains somewhat ingrained. Third,
\\ because the best estimate of a given variable is usually its
\ | average, there is a tendency to attribute variability to
\ \ | measurement noise and uncertainty, even when that
\\ variability may be real, its causes understandable, and its
\ \ | influence potentially important to system dynamics

\\\ (Jerolmack, 2011; Buffington and Montgomery, 1997).
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transport rates, changes in 7, should influence channel morphodynamics, both over human

timescales (e.g., in response to natural and anthropogenic perturbations such as landslides,
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Section 1.1 shows that a great many variables and processes influence .. While /{Formatted: Not Highlight
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separate models for every isolated control on 7, _would be informative, it would also be

difficult to combine myriad process-specific models and still meaningfully predict the

temporal evolution of 7, for the morphodynamic evolution of channels. Rather than being a

process “splitter, | approach the problem as a process “lumper”: | hypothesize that many

factors affecting grain mobility share common underlying dependencies on net entrainment

and net deposition.

Consistent with the form of most bedload transport equations (e.g. Eq. 1), z,_is

defined as a particular Shields stress at which only the most mobile grains of that size become

entrained. However, for a population of grains of a given size on the bed surface, there should

actually be a distribution of 7;—notated here as a set of values {r:}--because each individual

grain has a particular pocket geometry and near-bed flow velocity at its unique location, and

hence a somewhat different individual threshold. Gravel flux increases with discharge

primarily because thresholds are gradually exceeded for increasing proportions of surface

grains of a given size. For a given transport equation (e.g. Eq. 1), a particular 7, _value from

*

c} should best predict sediment flux. Conceptually, an

the lower tail of distribution {r

underlying assumption is that net entrainment or net deposition changes the underlying {rc}

distribution, and therefore changes the value of . _that best predicts transport rates.

In the case of a channel reach undergoing net erosion (d.,, >ds,), the most mobile

individual grains—i.e. the lowest 7, values in the {rc} distribution--would preferentially be

entrained first, while the grains remaining on the bed would tend to have higher thresholds.

Therefore, | hypothesize that progressive erosion tends to entrain grains from increasingly

more stable positions on the bed, gradually increasing 7, . Conversely, during net deposition

(Ogu <0q, ), 1 @assume that grains tend to preferentially deposit in more stable bed positions

such as local topographic lows. Continued deposition would lead to grains being deposited in

progressively less stable positions, gradually decreasing z,. These hypothesized z, changes
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variability. For example, during net deposition individual grains would also both deposit and

be entrained from more and less stable positions, but grains would have a greater probability

of remaining deposited in the more stable positions.

Mechanistically, 7, _evolution would also be driven by changes in bed topography and

roughness, grain clustering and stabilizing structures, compaction of the bed and interlocking

of grains, etc. None of these physical variables are explicitly included in the model equations;

instead their combined effects are assumed to vary with net erosion or deposition.

Importantly, the amount by which 7, changes should also depend on the current state of the Deleted: These changes describe negative transport
v feedbacks: net erosion progressively reduces rates of erosion
bed surface, For example, starting from a relatively rough and interlocked bed surface, net by making grains harder to entrain, while net deposition
progressively makes grains more mobile and less likely to be
deposition would initially cause relatively substantial decreases in bed roughness as local dTep"s“ed' Il
lows preferentially filled with loose grains, and relatively large corresponding decreases in Deleted: }
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limits on how high, and low, 7, can evolve.

dependencies describe negative transport feedbacks: net erosion Deleted: On the other hand, initial deposition onto a stable

These .
" bed would likely cause bigger reductions in T: than

progressively reduces rates of erosion by making grains harder to entrain, while net deposition

subsequent deposition. Thus, the change in T: should also

progressively makes grains more mobile. Through these and other morphological feedbacks, be a function of T:-

it has long been recognized that channel reaches evolve towards steady-state configurations in

which the sediment flux into a reach balances the flux exiting, leading to zero net erosion or

deposition (Mackin, 1948). At this statistical steady state, 7, _should also be at equilibrium,

and in fact is a key part of reaching channel reach equilibrium. If 7 _were still systematically

evolving (e.g. from continued bed state changes), then transport rate through the reach would

also change, perturbing the channel away from its statistical equilibrium.
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2.2 r:(qs)lmodel equations
!

While the above discussion makes the case that 7. _inevitably evolves through time

due to a variety of interrelated factors, the new model proposed here is specifically in terms of

sediment flux. | use the notation 7., , to distinguish this specific model from more general

c(ds)

representations of thresholds of motion in other models and analyses. Because longitudinal

coordinate x increases downstream, net erosion in a reach is indicated by aq,/0x >0 _and net

deposition by g, /ox < 0. The following relations are proposed:
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stress is instead defined as the Shields stress at which

(s has a very low but specific nonzero value (Parker,

1990; Wilcock and Crowe, 2003). For many
applications the practical difference between threshold
and reference stresses are negligible (Buffington and
Montgomery, 1997), and in the present work they are
largely used interchangeably.
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3.3.1 Morphodynamic model results
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