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Abstract. Thresholds of motion (77) strongly control bedload transport in gravel-bed rivers. Uncertainty in 77 limits the
accuracy of predictions of transport and morphologic change. To improve our quantitative understanding of morphodynamic
feedbacks in rivers, we propose a flow history-dependent model where 7; evolves temporally as a function of bed shear
stress. Relatively low shear stresses strengthen the bed, increasing 7 and reducing transport. Larger floods rapidly weaken
the bed, decreasing 7; and increasing transport. We calibrate the model to a 23-year record of flow and bedload transport
from the Erlenbach Torrent, Switzerland, and find that the model predicts the field-based 7 record more accurately than
assuming a constant 7;. Calibrated parameters describing strengthening are more tightly distributed than weakening
parameters, which suggests that magnitudes of bed weakening, may be more variable and difficult to accurately predict as a

function of flood characteristics than bed strengthening during lower flows.
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1 Introduction

Erosion, deposition and morphological change in gravel-bed rivers yesult from bedload transport. Gravel transport

rates are notoriously difficult to accurately predict in natural rivers because they are influenced by a wide variety of factors

including, water discharge, local channel morphology, and upstream sediment supply. These factors can yary both spatiall

and temporally. Nonetheless, most equations to predict bedload flux simplify this complexity using a deterministic

parameterization which only considers flow intensity and a transport threshold. For example, the classic Meyer-Peter and

Miiller (1948) equation (MPM) can be expressed simply as q; = 4(1’* - 1:2)"5&1" > 1} (Wong and Parker, 2006), where

q; is dimensionless sediment flux per unit channel width (Einstein number), 7* is nondimensional shear stress (Shields stress),

and threshold parameter 7; is the critical Shields stress. Shields stress is T* = T/(Ps — p)gD where 1, ps, p, g and D are

dimensional bed shear stress (Pa), sediment density (kg/m), water density (kg/m’), gravitational acceleration (m/s?), and .
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median sediment diameter (m). Einstein number is defined as q; = q5/ [(ps /p — 1ygD3, where g, is the volumetric bedload

(Formatted: Superscript

(Deleted: Dimensionless sediment flux, or

CDeIeted: s

AN AN




45

50

55

60

65

transport rate per unit width (m}/s/m). While the threshold parameter (7;), describes the nondimensional shear stress at the

onset of sediment motion, it is also often used as a physically meaningful, but empirically determined, fitting parameter in

bedload transport models fe.g., Engelund & Fredsoe, 1976; Luque & Beek, 1976, Meyer-Peter & Miiller, 1948; Wong &

Parker, 2006; Shields, 1936; Wiberg & Smith, 1987),For bedload equations like the MPM, 7/ is a lumped parameter that

implicitly accounts for all of the factors that influence bedload,transport rates apart fromyr*.
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Even during large floods, pedload transport often occurs at shear stresses only slightly exceeding,threshold conditions,
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making transport rate predictions particularly sensitive to threshold values (e.g. Parker, 1978; Phillips & Jerolmack, 2016;

Phillips et al., 2022; Pretzlav et al., 2020). Transport thresholds also strongly influence gravel-bed channel reach morphologies

(e.g. Parker, 1978 Phillips et al., 2022) and, modulate the mapping of climate onto fluvial processes, informing short- and
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long-term sediment fluxes and the relative importance (or unimportance) of extreme events for channel evolution (e.g. Blom

et al., 2017; DiBiase & Whipple, 2011; Lague et al., 2005; Shobe et al., 2018; Tucker & Bras, 2000), For these reasons.
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improving our ability to calculate thresholds of motion is critical not only for predicting transport rates but also for predicting

mountain river morphodynamics and channel stability.

Early work assumed that thresholds were primarily controlled by grain weight relative to the fluid. By accounting for -

these variables through nondimensionalization, 7; was initially thought to be approximately constant for typical conditions in

gravel-bed rivers (e.g. Buffington & Montgomery, 1997; Shields, 1936). However, Buffington & Montgomery (1997) showed

that 7 varied systematically with the ratio of the median grain size, to flow depth, independent of shear stress. More recent

work has explored how both flow and grain interactions lead to inherent variability in ;. Thresholds yary spatially with the " (D eleted: Dso
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surrounding grain size distribution (Parker, 1990), reach slope (Lamb et al., 2008; Mueller et al., 2005), bed morphology

(Monsalve & Yager, 2017; Powell & Ashworth, 1995; Roberts et al., 2020), and changes in riverbed microtopography
(Brayshaw, 1985; Hodge et al., 2019; Kirchner et al., 1990; Masteller & Finnegan, 2017; Yager et al., 2018).

Thresholds for motion also evolve over time. For example, hysteresis in bedload transport rates is often observed
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between the rising and falling limbs of individual floods (Hsu et al., 2011; Mao, 2018; Mao et al., 2014; Pretzlav et al., 2020;

Reid et al., 1985; Roth et al., 2017). Predicting hysteresis using the MPM and similar bedload models requires the threshold

parameter to evolve over the course of a flood event (assuming that the prefactor and exponent remain constant). Changes in
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7, over multiple events have also been observed, and in most cases, 7, values remain correlated across events, indicating a

memory of past conditions (Downs & Soar, 2021; Hassan et al., 2020; Johnson, 2016; Lenzi et al., 2004; Mao, 2018; Masteller
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et al., 2019; Rickenmann, 2018, 2020; Saletti et al., 2015; Turowski et al., 2011).

WVariable flow strength jnfluences threshold evolution through time. Reid et al. (1985) first suggested the influence of
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antecedent flows based on field-based bedload transport monitoring, hypothesizing that longer inter-flood durations led to
increases in 7, and reduced sediment transport rates. Experiments have confirmed that the magnitude of inter-event flow
affects 7 evolution (Haynes & Pender, 2005; Masteller & Finnegan, 2017; Monteith & Pender, 2005; Ockelford et al., 2019;
Ockelford & Haynes, 2013; Paphitis & Collins, 2005). With little to no active sediment transport, grain-scale changes in
interlocking and surface reorganization increase particle resistance to motion (Masteller & Finnegan, 2017; Ockelford &
Haynes, 2013; Yager et al., 2018). Pretzlav et al. (2020) documented systematic discharge-dependent increases and decreases

inynotion thresholds and associated diurnal transport hysteresis during several weeks of snowmelt flooding, using instrumented
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“smartrocks” to measure transport. Reduction of 7;; following larger floods has been attributed to significant reorganization of

the riverbed (Lenzi et al., 2004; Turowski et al., 2009),
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Sediment supply also influences threshold evolution. Hysteresis can be caused by sediment supply variations through

time (Moog and Whiting, 1998; Mao et al., 2014), changing thresholds. Increased sediment supply from channel banks and

hillslopes can pe important in destabilizing the bed surface or introducing mobile unconsolidated,material, reducing thresholds
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of motion (Turowski et al., 2011; Recking et al., 2012; Rickenmann, 2020). Building on observations by Recking et al. (2012),
Johnson (2016) developed a model in which 7 evolves as a function of net erosion or deposition, which are controlled by
sediment supply in relation to transport capacity. After calibration to laboratory experiments, the evolving-7; model

successfully predicted how transport rates yesponded to pulses in sediment supply,
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thresholds evolving with both sediment supply and discharge variability. Rickenmann (2020) showed that variations in

sediment availability on the bed correlated with sediment transport rate fluctuations and evolving thresholds, suggesting that

thresholds depend on upstream sediment supply, For the same stream, Masteller et al. (2019) showed that the magnitude of

(Deleted: Using data
‘ (Deleted: ,

antecedent flows also influenced the evolution of 7} for individual years. Consistent with experiments, Masteller et al. (2019)

’(Deleted: supporting a supply dependence on thresholds

CDeIeted: s

pulses...

Deleted: calculated the degree of disequilibrium in bedload
transport — interpreted to reflect variations in sediment supply — and
showed that it correlated with evolving thresholds,

A AN NN N




150

155

160

165

observed that the start of transport events showed increases in critical Shields stress with increasing inter-event flow magnitude
(herein termed “strengthening”) for an intermediate range of flows spanning inter-event periods and floods with observable
sediment transport. However, following even higher-magnitude flows, the threshold for motion decreased (herein termed
“weakening”). Masteller et al. (2019) hypothesized that the transition from bed strengthening to bed weakening was associated
with a transition from local rearrangement of particles to more intense transport disrupting bed structure via particle collisions,

and/or, enhanced upstream sediment supply through upstream bed erosion, (Yager et al., 2012), and/or enhanced hillslope-

channel coupling (Golly et al., 2017). Thus, both flow strength and sediment supply likely influence thresholds of motion in
the Erlenbach torrent (Rickenmann, 2020; Masteller et al., 2019; Turowski et al., 2011).

The ability to accurately predict threshold evolution through time—thereby improving bedload transport rate

predictions—ygemains elusive due to a lack of validated models. Equations have been proposed to describe temporal bed
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strengthening as a function of the duration of bed exposure to a constant, inter-event flow magnitude and an initial 7; based

on experimental data (e.g. Ockelford et al., 2019; Paphitis and Collins, 2005). However, because these models only focus on

inter-event strengthening effects, they cannot capture decreases in 7. Johnson’s (2016) model predicts 7; evolution as a

function of changing sediment supply, Nonetheless, this model is an incomplete description of 7;; evolution because it does

not account for riverbed strengthening or weakening directly caused by the flow. Notably. to our knowledge, none of these
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dependence remains elusive due to a lack of validated models. |
While empirical evidence exists for systematic, flow strength-
dependent temporal variations in thresholds for motion, few
equations exist that quantify feedbacks leading to threshold
evolution which can be incorporated into existing bedload transport
models. Relatively simple model formulations
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equations have been used to describe field observations of temporally varying 7.

Our goals in the present work are (i) to propose a new model in which 7; evolves as a function of flow magnitude
and encapsulates some memory of past shear stresses as reflected in the changing state of the riverbed, and (ii) to evaluate

whether this, discharge-dependent model can gapture annual strengthening and weakening trends pbserved in Erlenbach field
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2 Model Development
Johnson (2016) argued that ;. is a “state variable” for gravel-bed river morphodynamics because it simultaneously

controls transport rates and evolves due to feedbacks with fluid shear stresses and transport rates. Our new equations take a
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similar form to Johnson (2016), where changes in 7 depend not only on discharge-dependent shear stress, but also on the

current state of the transport system as characterized by 7, itself. The rate of change of 7 depends on two terms, which both

evolve as a function of the transport capacity, T* /r;, Conceptually, the first right hand-side term (starting with k) represents,
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Scaling factor e and exponent y influence the form and magnitude of the strengthening term, while 42 and ¢ do the same for ..

the weakening term (Fig. 1); these parameters are empirically calibrated below. Both £; and k2 have units of 1/time, where the

units of time will depend on the timestep of the discharge timeseries used as model input. / is the Heaviside step function

(Hft*/t*~1]=0 for t*/t*<1; Hft*/t*-1]=1 for t*/t*>=1) such that weakening only occurs when transport occurs (7" > 1)

J(Fig. 1A). B is called the “feedback parameter,” described below. Ty, and Timq, are upper and lower bounds imposed on
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T /T; < 1, flow causes the bed to become stronger but not weaker, consistent with previous observations (Haynes & Pender,
2005; Masteller et al., 2019; Masteller & Finnegan, 2017; Monteith & Pender, 2005; Ockelford et al., 2019). Strengthening

increases as T* /TZ approaches 1, consistent with some (Paphitis & Collins, 2005),but not all previous work (Haynes & Pender,

2007). Strengthening increases further for 7* /T; > 1, consistent with protrusion-dependent thresholds (Masteller and

Finnegan, 2017, Yager et al., 2018; Masteller et al., 2019), and with coarse grain clustering, which increases bed stability and

requires transport to develop (Brayshaw, 1985; Church et al., 1998; Hassan et al., 2020; Johnson, 2017; Strom et al., 2004).

At the same time, as 7° /T; exceeds 1, the weakening term becomes increasingly important (Eq. 1; Fig. 1). In the

absence of other constraints on the functional form of weakening with increasing T"/T; we chose a power-law relation for

simplicity. It seems likely to us that beds rapidly lose their strength as transport rate increases and fewer grains are interlocked

through intergranular friction (Yager et al., 2018). Higher shear stresses capable of mobilizing more sediment grains can

destabilize a larger fraction of the bed. Impacts from transported grains may also directly contribute to destabilization (Ancey

agnostic towards any specific processes driving strengthening and weakening, The combination of terms results in the

transition from strengthening to weakening occurring at different 7* /T;, depending on v, €, ki, ko, and 77 (Fig. 1b).,

B is gonsidered a, “feedback parameter” because it contributes to dt;: /0t being a function of 7; (Johnson, 2016). B

has a value between 0 and 1, and changes the,importance of the strengthening and weakening terms, depending on the current 3
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value of 7; relative to 77, and Tiyq,. A loosely-packed bed, with 77 close to t.,,;, and B close to 1, can strengthen
significantly in a low flow (increasing 7;), but a high flow would not cause a significant decrease in T;_because the bed is

already relatively weak. Conversely, a bed that was nearly,as tightly-packed as physically possible, with 7 close to T},q, and

B close to 0, will minimally,increase 7; in response to a low flow, but a destabilizing flood would cause a significant decrease

in ; (Johnson, 2016).
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consistent with typical critical Shields stresses reported at low slopes (gonsistent with their experiments) for gravel river data

sets (Fig. 2a),

3 Field application

The Erlenbach is a small (0.7 km? watershed), steep (10% grade) channel in the Swiss Prealps. Bedload transport has
been actively monitored for over 30 years by a variety of methods (Beer et al., 2015; Rickenmann, 2020; Rickenmann et al.,

2012; Rickenmann and McArdell, 2007), Previous analyses have shown that the threshold for motion varies pver an order of

magnitude across the span of the record (Masteller et al., 2019; Turowski et al., 2011), Masteller et al. (2019) demonstrated |

that seasonal trends in 77 were unlikely to be random, and that threshold evolution depends, in part, on the magnitude of past |

flows.

Our goal is to evaluate how well discharge-dependent Shiclds stress variations alone (Equations 1 and 2) capture first-

order seasonal trends in evolving 7, from well-constrained field data. We utilize publicly available 23-year, 10-minute interval
discharge and bedload transport records from the Erlenbach (Rickenmann et al., 2020). To calculate thresholds of motion for
model comparison, we measure the discharge when the in-channel impact plate system registers grain collisions near the
beginning of a flow event, following Turowski et al. (2011). Thus, the threshold data are independent of any bedload transport
model. Using a rating curve from discharge to shear stress developed by Yager (2006) and a median grain size, Dso = 8 cm
(Wyss et al. 2016), the flow and transport time series were nondimensionalized to Shields stress. The median grain size is
assumed to have not changed systematically across the Erlenbach record (as discussed by Masteller et al., 2019), although
hillslope sediment supply may cause grain size variability both during and in between transporting events.

Critical Shields stresses at the start of transport vary by almost an order of magnitude in 7; (0.03 to 0.26)._The

temporal variability in 7;_observed at the Erlenbach is equivalent to the full range of 7/ observed in flume and field data for

equivalent slopes (Fig.2A). Strengthening (i.e., a systematic increase in 7 for at least some portion of a given year) is dominant
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4 Model parameterization and application

We implement the model separately to each year’s flow time series, from the first transporting event in the spring
through the fall (following Masteller et al., 2019). We do not calibrate 7; to the single continuous multi-year discharge and
transport record because the bulk of landsliding occur during the winter months, supplying largely unconstrained amounts of
sediment to the channel bed from hillslope processes (Schuerch et al., 2006). Hillslope sediment supply variations also occur
during the rest of the year and likely influence thresholds and transport rates both during and in between the transporting events
we consider (e.g., Rickenmann, 2020; 2024). As possible evidence of sediment supply effects during inter-event periods,

Turowski et al. (2011) found that threshold discharges were often, though not always, lower at the start of a given flow event

compared to the discharge at the cessation of bedload transport at the end of the previous event. This inter-event weakening

cannot be captured by the model. Because the model cannot predict every trend in the field data, we focus on the start of events

only Jo evaluate how well discharge variations alone can improve transport predictions over seasons, consistent with the

analysis of Masteller et al. (2019). Future analyses could focus on threshold evaluation and model calibration during individual
flood events.

Equation 1 has four free parameters: ks, k2, y, and &. We assign y = 2.5 based on our calibration to,Paphitis and Collins

(2005) (Fig. 2b). This leaves three parameters that require calibration. For each year, we explored a range of parameter

combinations for ks (1x10%to 1x10°¢ min",, n = 40), k2 (1x102to 1x10min", n = 40), and & (1 to 10, n = 10). ks and k> were

varied with log-spacing to explore all orders of magnitude equivalently. For each year of the dataset, we ran 16,000 forward
simulations, reflecting all unique parameter combinations of ki, k2, and ¢. For each year, we assign an initial 7; value as equal
to the observed 7} at the first transport event and calculate changes in t; based on 10-minute discharge data, until the end of

the final observed transport event,,
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weighted equally. We compare both the annual and combined best-fit model to a constant 7; (mean Erlenbach 7 = 0.1547,

SE =0.0014).

5 Results
The annual calibrations show that, for all 23 years, Equation 1 provides a better fit to the data (lower MAE) than the

mean Erlenbach threshold, 77 = 0.1547 (Fig. 3a). Annual best-fit MAE ranges from 0.0046 (2015) to 0.0293 (1990). The megan
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The single best-fit value from the combined, MAE analysis was also & = 6, with pest-fit k&, = 5.22x10% min"' and k2=

4.12x10°min"". These best-fit , k1, and k2 values are consistent when averaging MAE across all years and when only averaging
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0.217) (Fig. 3a). Both annual and combined model performance is generally better for years which only have 7/ strengthening, (p leted: average )
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as evidenced by annual mean MAE = 0.0135 (combined,mean MAE = 0,0202) for these years compared to years with observed _

weakening (annual mean MAE = 0.0163; combined mean MAE = 0,0301). In 11 years, multiple combinations of parameters

Jesulted in the same minimum MAE value. Most of these years only have systematic strengthening, not weakening, so models
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are relatively insensitive to k> and ¢ values, allowing a range of best-fit model parameterizations, The field data tend to be more

variable in years with weakening; nonetheless the calibrated model captures first-order, annual trends across a range of

scenarios (Fig. 3¢-h, Fig. S1). Across all examples, the dominance of the strengthening effects is demonstrated by B>0.5.

Comparison of mean MAE values of all model runs as a function &1, k2, and ¢ elucidates the relative sensitivity of

model performance to each parameter (Fig 3p-d). Model performance was most sensitive to ks for the parameter space we

explored, with mean MAE values ranging from a2 minimum value of MAE = 00438 at k7 = 8.38x10% min"' to MAE = 0.18],

at k1 =,10% min’', reflecting the clustering of best-fit ks values (Fig. 3b). We note that y = 2.5 was independently calibrated; it

is possible that if our analysis also explored a range of y values, then the range of acceptable k; may be broader. In contrast,

mean MAE values are higher and less variable when binned by k> (MAE = 0.10570.122) and ¢ (MAE = 0,109-0.114),
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suggesting that annual model performance is less sensitive to variations in these parameters (Fig. 3p,c).

6 Discussion,

0.1 Model performance

Our flow-history model for 7; (Equations 1, 2) performs better than a constant entrainment threshold, as indicated by

lower MAE between data and model (Fig. 3a). The model captures both first-order strengthening and weakening trends seen

in the field data. These include progressive increases in 7; from lower discharges (Fig. 3g¢), to sudden decreases in 7.

following a large flood early in the season (Fig. 3f), to a smaller decrease in 7; following a late-season flood after the riverbed
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may have had more time to strengthen (Fig. 3g), to intermittent but repeated weakening events across a season (Fig. 3h). When

2

each year is calibrated separately (“annual” calibration), the model unsurprisingly performs better than when using the single

set of parameters that minimizes MAE averaged across all years (‘combined” calibration). Nonetheless, the ‘combined” best-

,(r'

,(r' d
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fit parameters still outperformed a constant T; assumption in a majority of years — particularly those with seasonal

strengthening trends.

Calibrated model performance varies most with &z, which governs the efficacy of strengthening processes (Fig. 3p,

Eq. 1). y also influences strengthening but was independently calibrated and held constant in our analysis (y = 2.5; Fig. 2B). .
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At the Erlenbach, sediment-transporting flood events only comprise about 2% of the discharge record (Masteller et al., 2019).

Thus, weakening parameters k2 and ¢ can only influence 7} evolution during this portion of the record, when t*/7; >1

(Equation 1). More generally, the transport capacity (7*/7;) at which the model terms combine to transition from overall

strengthening to weakening varies for different parameter combinations (Fig. 1). In years without large floods, the

strengthening term of Equation 1 dominates for ynost of the year, resulting in steady increases in 7., such as in 1988 when

floods did not exceed 7* /7 = 1.64 (Fig. 3¢). Therefore, best-fit models for 1988 were insensitive to k2 and ¢, resulting in 248
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Bedload is transported infrequently in gravel-bed rivers because transport thresholds are rarely exceeded. Much of

bedload transport occurs during discharges that are often relatively close to bankfull, and when shear stresses only slightly to

moderately exceed 7, (e.g., Emmett and Wolman, 2001; Parker, 1978; Phillips and Jerolmack, 2016; Pretzlav et al., 2020;

Whiting et al., 1999). Therefore weakening processes, which in our model only occur when 7* /77 > 1, can only reduce t; for

a limited fraction of the full discharge record. Thus, we may expect more generally that strengthening processes are dominant

for most of the time in gravel yiverbeds relative to weakening processes that may only occur during floods. However, despite

strengthening being active for the vast majority of the discharge record, the approximately normal distribution of 7;_suggests

that weakening processes must act more rapidly than strengthening processes to maintain yalues of 7, intermediate between

T and T;,,,,. Future work could further explore the consequences of this difference in the total time over which

*
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strengthening and weakening processes may occur and their resultant impact on the time-averaged state of the riverbed, as

reflected by distributions of 77, At the Erlenbach, the model is largely successful in matching annual strengthening trends (Fig.
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similar field settings (e.g. Church et al., 1998; Masteller & Finnegan, 2017; Ockelford & Haynes, 2013).

3a, e-h) with a narrow distribution of best-fit k; values and a single, independently-calibrated value of y = 2.5. This suggests (Deleted: 2
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model predictions may highlight conditions where sediment supply significantly alters bed mobility, outweighing the flow
history effects that are addressed here.

Fig. 3¢-h illustrates how feedback parameter B controls how 7/ changes in response to a given shear stress. Low 7.,

(such as at the starts of 1988 and 2010, and following the large 2007 flood) corresponds to high B, which increases the
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strengthening term and reduces the weakening term (Equations 1,2). As relatively smaller shear stresses lead to progressive

strengthening, T; increases, B decreases, and less strengthening occurs for a given increment of Shields stress, resulting in a

gradual rollover in the rate of strengthening through time (e.g., Fig. 3¢). Model response (i.e., d7./0t) is also influenced by 7.,

through changes in transport capacity. For example, under strengthening conditions, even if T* remains constant, increasing
7; would cause a gradual decrease in 7%/, slowing the rate of strengthening.

Thus, the “memory” in this model is represented by the value of 77, which integrates the effects of the history of both
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flow conditions and channel bed conditions. Model memories tend to be asymmetric through time in the sense that floods large

enough to cause significant weakening will rapidly reset the memory to lower 7 values; strengthening can only occur
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gradually as it requires the cumulative effects of lower discharges over time. Conceptually, these memory effects relate to 7,

being a state variable for gravel-bed channels (Johnson, 2016). For the Erlenbach, our results using the calibrated model

demonstrate that knowing 7. prior to a given flood improves the prediction of transport during that flood. We view this model

as a step towards a more complete understanding of mountain river morphodynamics. Our calibrated 7 equation should be
useful for improved modeling of channel transport and evolution, and as a component of landscape evolution modeling. When
high-resolution discharge data is available for field sites, incorporation of a flow-dependent 7; may improve quantitative

predictions of transport in gravel-bed rivers, although calibration to local conditions is likely necessary.

6.2 Model implementation beyond the Erlenbach e
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Perhaps the biggest mechanistic limitation of our model is that it only accounts for discharge controls on evolving

thresholds, even though sediment supply has also been shown to explicitly influence transport rates in the Erlenbach data

(Turowski et al., 2011, Rickenmann, 2020; 2024). In flumes, it is straightforward to impose the upstream sediment supply,

measure the flux exiting the flume, and simultaneously measure changes along the flume bed (e.g., surface grain size

distributions), allowing thresholds to be evaluated through time as a function of supply (e.g., Johnson, 2016). While it is

possible to constrain temporal variations in upstream sediment supply in field settings (e.g., Hassan and Church, 2001;

Rickenmann, 2020), these data are far more difficult to measure and less widely available than discharge timeseries for gravel-

bed rivers. We are unaware of field monitoring sites that directly measure comparable timeseries of transport data in sequential

channel reaches, making it difficult to directly isolate supply controls on threshold evolution in gravel bed rivers, Some sources

of sediment supply into a given channel reach, such as shallow landslides a short distance upstream not triggered by recent

precipitation, may be uncorrelated with channel discharge. However, the timing and magnitude of many processes that supply

sediment to channels, such as bank failures, debris flows, and shallow landslides driven by recent precipitation, are likely

correlated with timeseries of channel discharge (Turowski et al., 2013). In addition, sediment supplied from farther upstream

in a watershed is transported into a given reach by channel flow. Seasonal trends in supply (such as from increased hillslope

deposition during winter months), followed by subsequent snowmelt or storm flow that progressively transports the sediment

(e.g.. Moog and Whiting, 1998; Mao et al, 2014), may cause threshold evolution that correlates with cumulative seasonal

discharge (e.g., Pretzlav et al., 2020). In other words, discharge and upstream sediment supply are not entirely independent

over the timescales of threshold evolution due to floods. Given these correlations between sediment supply delivered to a

channel reach from upstream and discharge. the local djscharge timeseries may be able to implicitly account for some temporal

variations in local supply, and therefore may be able to explain some supply-dependent 7;_variability. The degree of correlation

between supply timeseries and discharge timeseries would likely vary among watersheds based on dominant processes. future

work should attempt to disentangle how sediment supply influences parameter calibrations.

local sediment transport rate. Previous work demonstrates that bedload transport is a nonlocal process because the fluxata

location within the channel reflects not only local conditions, but also spatial and temporal variations in the flow and sediment
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flux from upstream (e.g., Foufoula-Georgiou and Stark, 2010; Furbish et al., 2017; Martin et al., 2012). Variability from

nonlocality limits the accuracy of all models for calculating bedload flux at a specific location based on local shear stress. This

challenge isn0f

dispersion which is as important as advection for understanding bedload transport through river networks and responses to

perturbations (e.g., Bradley, 2017; Pretzlav et al, 2021; Fan et al., 2016). Our model could be applied to better determine the

extent to which threshold variability (and associated transport rate variability) is a deterministic function of discharge (as

Equation 1 attempts to represent), and how much of the local transport rate signal is stochastic variability, influenced by a

variety of interrelated factors including nonlocality and sediment supply. Future work could also explore how the “memory”

of past conditions at a given location, imperfectly encoded in 7;, depends on both local discharge variability and nonlocal

supply effects.

7 Conclusion

Our study presents 3, flow history-dependent model for critical Shields stress 7, (Equations 1, 2). Calibrated using a+-
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23-year record of river flow and the onset of sediment transport events, our model successfully captures observed trends in

7, evolution at our field site, including seasonal strengthening, rapid weakening following large floods, and gradual riverbed

recovery over time. While strengthening processes appear to be relatively predictable across different years, weakening

mechanisms exhibit greater variability, likely due to the stochastic nature of high-magnitude floods and external sediment

supply effects. Despite these uncertainties, our results demonstrate that accounting for flow-history effects by evolving 7;_has

the potential to significantly improve predictions of sediment mobility and bedload transport compared to a constant transport

threshold.

Building on the development and calibration of the model described in this contribution. phe best-fit model parameter

CDeIeted:

i'CFormatted: Indent: First line: 0.5"
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values found in pur study could be used as specific predictions to be independently tested using other field and flume data; we

do not yet know how consistent model parameters may be across gravel-bed channels. Model performance could also be

assessed at the scale of individual events using continuous bedload measurements, rather than just thresholds at the start of
events as done here. The model does not try to isolate granular interaction-based processes that likely cause strengthening and
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weakening but rather lumps processes together using empirical parameters. Quantifying the systematics, inherent variability,

and dominant processes involved in bed weakening warrants additional study. We suggest that a combination of discharge-
based controls on 7;; (as explored here) and sediment-supply controls on 7; (e.g., Recking, 2012; Johnson, 2016; Rickenmann,
2020; Rickenmann, 2024) may be able to explain much of the deterministic variability in threshold evolution and sediment

transport rates in gravel-bed rivers.

Code availability

A working version of the code used to complete the model runs, associated best-fit model runs, and a summary of MAE values
for all model runs produced during this research are publicly available through Zenodo (Masteller et al., 2024). Due to file
upload limits of Zenodo, additional model runs are available by request to the corresponding author.

Note to the Editor and Reviewers — All data will be made publicly availably on Zenodo, however, the data are not yet formally
published with a DOL. The formally published data will be cited here and linked with a DOI following review. This delay is to
enable edits to the dataset if substantive methodological changes are suggested during the review process resulting in material

changes to the data.
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