
HAL Id: insu-01963021
https://insu.hal.science/insu-01963021

Submitted on 25 Jan 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Channel widening downstream of valley gorges
influenced by flood frequency and floodplain roughness

Thomas Croissant, Dimitri Lague, Philippe Davy

To cite this version:
Thomas Croissant, Dimitri Lague, Philippe Davy. Channel widening downstream of valley gorges
influenced by flood frequency and floodplain roughness. Journal of Geophysical Research: Earth
Surface, 2019, 124 (1), pp.154-174. �10.1029/2018JF004767�. �insu-01963021�

https://insu.hal.science/insu-01963021
https://hal.archives-ouvertes.fr


Channel Widening Downstream of Valley Gorges
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1Géosciences Rennes, OSUR, CNRS, Université de Rennes 1, Campus de Beaulieu, Rennes, France

Abstract Mountain fronts are the locus of significant variations in river width characterized by narrow
bedrock gorges opening to wider unconfined alluvial rivers that are often braided. The contribution of the
abrupt change in river valley confinement in modulating the long‐term transport capacity and the resulting
equilibrium channel width has never been considered. Here we use a numerical model integrating the full
frequency‐magnitude distribution of streamflow to explore the long‐term bedload transport capacity of
idealized confined and unconfined channels, both single thread and braided. The model predicts a
significant transport capacity loss for a single channel of constant width at the transition between confined
gorges and unconfined floodplains that is slightly reduced when floodplain vegetation is present. Because
the total transport capacity of a single‐thread channel systematically decreases with channel width in a
stochastic framework, only narrower unconfined channels could compensate for the loss of confinement.
This prediction contradicts observations of widening ratios ranging from three to eight downstream of
gorges in various world rivers. We resolve this inconsistency by demonstrating that a braided river made of
narrow channels inset in a wide floodplain can maintain the total bedload transport capacity downstream of
gorges by increasing the range of competent discharges. We also show that riparian vegetation may only
enhance bedload transport capacity for highly variable discharge regimes and discuss the relevance of
various definitions of representative discharges. These results point to the previously unrecognized role of
valley confinement in modulating the sediment transport capacity of rivers.

1. Introduction

Mountainous areas systematically exhibit major changes in river confinement that are characterized by
width variations between narrow bedrock gorges and wider unconfined alluvial sections. For instance, the
ratio between the width of the unconfined and confined channel sections can be as high as a factor 5 in
the Rakaia and the Waiau rivers in New Zealand (Figure 1). In many cases, the loss of confinement also cor-
responds to a transition from a single‐thread gorge to an unconfined braided river, a result that is consistent
with recent flume experiments (Garcia Lugo et al., 2015). Channel narrowing and gorge development are
generally interpreted as a morphologic response to accommodate bedrock incision in response to localized
tectonic uplift (e.g., Lavé & Avouac, 2001; Turowski et al., 2009; Yanites & Tucker, 2010) or changes in the
mechanical resistance of channel banks (Finnegan et al., 2005). However, a unifying theory explaining river
narrowing in response to tectonic uplift under various conditions is still missing (Lague, 2014).

Downstream changes in channel width, which may or may not be associated with channel slope variations,
will modify flow depth for a given discharge, in turn changing bed shear stress and the capacity to transport
bedload sediment and incise bedrock (e.g., Lague, 2010). Valley confinement controls the so‐called at‐a‐
station channel geometry, which determines how water flow spreads laterally as discharge increases
(Turowski, Hovius, Meng‐Long, et al., 2008; Turowski, Hovius, Wilson, et al., 2008). Any longitudinal varia-
tion in confinement can therefore alter the capacity to transport sediment during very large events. How
confinement variation translates into long‐term variations in river transport capacity and equilibrium geo-
metry remains largely unknown and is the main question addressed in this work.

For unconfined channels, the riparian vegetation populating floodplains also plays a role in controlling
water depth and flow velocity patterns during overbank discharge events. The impact of floodplain vegeta-
tion on flow hydraulics has been extensively studied to improve river management of flood hazards (Bren,
1993; Chow, 1959; Darby, 1999; Hunter et al., 2007; Mason et al., 2003; Rudorff et al., 2014; Tabacchi
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et al., 2000), but its control on sediment transport has received little attention. Previous studies have focused
mainly on floodplain sedimentation at flood or yearly timescales (e.g., Camporeale et al., 2013; Tsujimoto,
1999; Vargas‐Luna et al., 2015). The role of floodplain vegetation inmodulating total channel transport capa-
city over short and longer timescales (i.e., greater than 102 years) has not been explored. Yet this is a prere-
quisite to understanding how sensitive river sediment transfers are to floodplains vegetation and to
evaluating whether numerical models of long‐term river dynamics should encompass this climate depen-
dent effect.

Quantifying long‐term sediment transport must take into account the wide range of discharges that carry
sediment, with the frequency‐magnitude discharge distribution that depends on climate (Tucker & Bras,
2000; Wolman &Miller, 1960). This can be accounted for by explicitly integrating sediment transport events
over the total range of discharges weighted by their frequency of occurrence. This stochastic description is
essential to capture the nonlinearity generated by transport thresholds (Lague, 2014; Molnar et al., 2006;
Tucker & Bras, 2000) and to evaluate the role of climate‐driven discharge variability that the traditional
effective discharge approach (Wolman & Miller, 1960) cannot easily account for (Lague et al., 2005;
Tucker & Bras, 2000). Here, following previous work on bedrock river incision (DiBiase & Whipple, 2011;
Lague et al., 2005; Molnar et al., 2006; Tucker, 2004), we explore the sensitivity of vegetated alluvial rivers
to streamflow variability.

The main aims of this work are to evaluate the impact of confinement and vegetation on long‐term transport
capacity across the complete spectrum of mean daily discharge. This is evaluated for different discharge
variability regimes modulating the occurrence of large discharge events with respect to mean discharge.
We investigate how channel geometry varies at the transition between bedrock gorges and alluvial plains
and how it could be related to change in valley confinement. We also aim at discussing the degree of under-
estimation of long‐term bedload transport capacity occurring when a unique representative discharge is
used rather than the complete spectrum of daily stream flow and whether the notion that bankfull discharge
is the effective discharge (Andrews, 1980; Simon et al., 2004) is valid for different confinement, vegetation,
and climate scenarios.

More specifically, we address the following:

1. Does the change in confinement between bedrock and alluvial rivers, modulated by vegetation, signifi-
cantly alter the long‐term transport capacity and can it explain the systematic widening observed at
confined/unconfined transitions?

2. Is there a causal link between the braiding instability and the loss of confinement upstream and
downstream of gorges?

Figure 1. Google Earth snapshots of rivers experiencing longitudinal variation in valley confinement and width.
(a) Rakaia River, South Island, New Zealand. (b) Waiau River, South Island, New Zealand.
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3. Does discharge variability and the variable friction introduced by vegetation need to be accounted for
when predicting sediment transport capacity of rivers over longer than secular timescales, with relevance
for the morphodynamics of river and landscape evolution in the context of climate change?

4. To what extent is the long‐term transport capacity underestimated when using an effective discharge (as
opposed to the entire hydrograph) and how are the results influenced by discharge variability and
riparian vegetation?

We start by presenting the simplified hydraulic model developed for this study and the computation of long‐
term bedload and suspended load transport capacity over a range of daily stream flows covering several
orders of magnitude. We systematically study the influence of confinement, discharge variability, and flood-
plain roughness on long‐term transport capacity for spatially uniform conditions and revisit the relationship
between representative discharge and long‐term transport capacity as a function of discharge variability.
Finally, we explore the response of rivers at the confined/unconfined transition of bedrock gorges in terms
of channel width and channel type (single channel vs. braided systems).

2. Methods

In the following, we start by presenting the theoretical background used to develop the analytical approach.
We first describe the simplified cross‐section geometries that we have used to model confined gorges, uncon-
fined single‐thread channels, and braided rivers. Then we present how long‐term sediment transport capa-
city is calculated, using elementary transport laws that are integrated over the full magnitude‐frequency
distribution of daily streamflow. The various definitions of representative discharges used in previous studies
are summarized, followed by the methods used to estimate widening factors downstream of bedrock gorges
in natural cases.

2.1. Channel Cross‐Section Geometries

The transport capacity laws used in this study are dependent on the scaling relationship between shear stress
and water discharge, which is controlled by the river hydraulic geometry. In the following, we describe the
different channel cross‐section geometries for single‐thread and braided rivers that are two end‐members of
unconfined river systems (Figure 2).
2.1.1. Unconfined Single‐Thread Channel
The unconfined single‐thread channel cross section is represented by a rectangular channel set into a wide
floodplain with bankfull width Wch, channel slope S, and bankfull depth dh (Figure 2b). To define a repre-
sentative channel geometry, we use the semiempirical relationship derived by Parker et al. (2007) from a
large data set of gravel bed rivers. In this model, Wch, S, and dh depend only on bankfull discharge Qbf

and median grain size D50 of channel bed material. We set our study in the context of gravel bed rivers
and arbitrarily choose D50 = 0.05 m, defined as coarse gravel in the Wentworth scale. We set
Qbf = 500 m3/s such that Wch = 82 m, S = 0.0013, and dh = 2.9 m. This represents an average geometry
in the data set used by Parker et al. (2007). The floodplain width, Wfp, is set arbitrarily to 200 m. The rele-
vance of our findings for other floodplain widths is addressed in the discussion section. A Manning friction
coefficient of 0.04, which is typical of natural gravel bed streams, is used for the channel. Friction coefficients
from 0.04 to 0.15 are assigned to the floodplain depending on vegetation height and density according to
Manning coefficients derived from previous studies (Table 1; Arcement & Schneider, 1989; Casas et al.,
2010; Chow, 1959; Cobby et al., 2003; Mason et al., 2003; Powell, 2014; Rudorff et al., 2014; Werner et al.,
2005). To assess the effect of floodplain vegetation on sediment transport capacity for different water stages
within the channel, we explore a range of daily discharges experienced by the river. The choice of the range
and the maximum value are justified in section 2.2.3.

To determine the stage‐discharge rating curve for overbank discharges, we decompose the cross section in
two subsections, the main channel, and the floodplain. Following the “Divided Channel Method”
(Bousmar & Zech, 1999; Chow, 1959; Fernandes et al., 2012), the total discharge is described as

Qtotal ¼ Qchannel þ 2Qfloodplain: (1)

The discharge for each subsection can be estimated from the Manning resistance equation, assuming a
rectangular cross section, a steady uniform flow, and neglecting bank friction:
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Qtotal ¼
Wch

nch
h5=3ch S1=2 þ 2

Wfp

nfp
h5=3fp S1=2; (2)

where h is the water depth and n the Manning friction coefficient. Subscripts ch and fp indicate the main
channel and floodplain, respectively. By replacing hfp with hch + dh in the previous equation, values of
hch for the range of discharges are computed with a Newton‐Raphson method to obtain channel and flood-
plain rating curves. Calculations are made with a 10−5 m precision in order to obtain distinct hch values for
close discharges. We neglect any potential dependency of the friction coefficient with water depth
(Ferguson, 2010) as most of the change in n occurs over low to medium river discharges, that is, events with
nil to very low transport capacity for coarse gravel bed rivers.

In the following sections, results are compared with a confined channel of width Wconf and infinitely high
banks (Figure 2a). This represents an archetype of a rectangular incised bedrock gorge. The width/water
depth ratio is always above 10 for the considered discharge range so that the lateral friction can be neglected
in the subsequent bed shear stress calculation.
2.1.2. Unconfined Braided Channels
The synthetic reproduction of the complexity of a braid‐plain cross section is challenging. Past attempts to
model analytically the transport capacity of braided rivers cross sections have relied on a stochastic descrip-
tion of the shear stress distribution in threads (Bertoldi et al., 2009; Nicholas, 2000; Paola, 1996) or by the
definition of a morphological indicator derived from the bed elevation frequency distribution (Redolfi
et al., 2016). Here we introduce a simplified cross‐section geometry composed of several trapezoidal threads
(Figure 2c). The geometry of a braided system is described by the total number of threads (Nthread), their indi-

vidual width (Wbrd), their depth with respect to the braid plain (dh), and
the cumulative width of the interbraid bars. The total braided river cross
section is created by choosing Nthread and by randomly generating the
thread width of each braid. The thread depth is defined by an empirical

power law relationship linking the braid width and depth (dh αW0:75
brd ;

Ashmore, 2013).

We assume that the braid plain is at constant elevation (Figure 2c) but that
the threads have variable depth, corresponding to different inundation
levels. The water increases incrementally from the deepest braid to the
surface with smaller braids being activated as the water reaches their

Figure 2. The different channel cross‐section geometries used in this study. (a) The confined channel or gorge. (b) The
unconfined single‐thread channel has a rectangular cross section, and its floodplain can be populated by different vege-
tation types whose effect on hydraulics is captured by varying the Manning friction coefficient (nfp). For example, on the
left bank, dense brush with some sparse trees (nfp= 0.10) and on the right bank, dense brush and dense population of trees
(nfp = 0.15). Notation: Wch = channel width; Wfp = floodplain width; dh = bank height. (c) The unconfined braided
channel geometry is composed of trapezoidal threads of different sizes. Note that all schematic representations are verti-
cally exaggerated. Notation: Wbrd = braid surface width; Wb = braid basal width; Wtot = total width of the braid plain.

Table 1
Manning Coefficient Values and Examples of Associated Vegetation Type
(Powell, 2014)

Manning coefficient value, nfp Vegetation type

0.04 Gravel, grass, or crops
0.06 Light brush and trees
0.10 Medium to dense brush
0.15 Dense brush and trees
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level. The basal width of a single braid is arbitrarily set to be 10% ofWbrd to
ensure a low bank angle (less than 5°) and because the scaling between
total wetted width and discharge is too low for lower values. The relation-
ship between water depth and river discharge, which is critical for the
transport capacity calculation, is back‐calculated by predicting water
depth for increasingly small increments of discharge using the Manning
friction law.

To evaluate whether our simplified model generates realistic geometries
and hydraulic behavior, we require that three empirical relationships
must be fulfilled: (1) The total wetted width should increase as a power
law with river discharge, with a power exponent between 0.7 to 1.0
(Ashmore, 2013; Ashmore & Sauks, 2006); (2) the distribution of water
depth at bankfull discharge should follow a gamma probability density
function (Bertoldi et al., 2009; Nicholas, 2000; Paola, 1996); and (3) the
mean water depth should increase more slowly with discharge than the
wetted width (Ashmore, 2013).

We have explored the effect of Nthread and different channel width distri-
butions to evaluate how these different geometries adhere to these three

empirical criteria. The first criterion is an efficient primary filter of the geometries, as the range of para-
meters that satisfy it is very narrow (Figure 3). We then use the other two criteria to identify successful geo-
metries. Based on the results of our parameter exploration, Nthread is fixed at 10 with braid widths ranging
from 10 to 100 m (Figures 3 and S3 in the supporting information). We found that our geometries are able
to reproduce the above relationships if we use one to three intermediate threads varying between 30 and
80 m and eight to six smaller threads with widths inferior to 30 m.

Natural braided river reaches are often composed of one to two larger channels accompanied by several
smaller threads that are successively activated as the river stage increases (Figure 1). In our example, the
main channel width is set to 100 m, and the other nine channels widths are randomly generated: Two inter-
mediate threads present a width between 30 and 80 m and seven small threads with a width between 10 and
30 m. Note that using rectangular channels of identical width and depth is too simplistic, as it fails to repro-
duce observed empirical relationships such as the power law relationship between wetted width
and discharge.

2.2. Long‐Term Sediment Transport Capacity Calculation
2.2.1. Elementary Transport Laws
We use classic sediment transport laws that express the sediment transport capacity as a function of the
shear stress exerted by the flow on the river bed. Shear stress is calculated as

τ ¼ ρghS; (3)

where ρ is the water density and g the gravitational constant. The transport capacity for bedload material is
calculated with the Meyer‐Peter and Müller (1948), MPM, law:

qs;bl ¼ kp τ−τcð Þ1:5; (4)

where kp is a constant depending on sediment and water density and the gravitational constant and τc is the
critical shear stress defined as the shear stress necessary to entrain material into bedload. τc is calculated
assuming a critical Shields number τ*c ~ 0.03 (τ*c ¼ τc= ρs−ρð ÞgD50Þ:While the predicted bedload transport
capacity will vary with the chosen bedload transport law, our results on the sensitivity to vegetation, dis-
charge variability, and confinement are independent of the specific law used as long as it incorporates a
threshold of transport and an asymptotic scaling as τ 1.5.

In natural and experimental alluvial channels, bedload transport typically starts when discharge is between
50% and 100% of the bankfull discharge (Mueller et al., 2005; Parker et al., 2007; Pitlick & Cress, 2002; Ryan
et al., 2002; Ryan & Emmett, 2002; Talling, 2000). In the following section, the threshold of sediment motion

Figure 3. The scaling exponent between the wetted width and discharge for
different braid plain configurations. The brain plain is composed of 10
threads classified as main, intermediate, and small. The shaded area corre-
sponds to the range of exponents estimated for natural cases (Ashmore,
2013). Notation: Nthreads = number of threads; Wlim = the width that sets
the range of intermediate or small threads.
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is computed to keep τbf/τc= 1.2 as in (Paola, 1996) and where τbf is the bankfull bed shear stress of the single‐
thread channel or of the deepest channel in the braided case. The transport capacity is computed when the
shear stress is higher than the threshold of sediment motion in the main channel of the single‐thread case
and everywhere in the multithread case.

The suspended load transport capacity is determined with the Engelund and Hansen (1967), EH, law:

qs;susp ¼ kehτ2:5; (5)

where keh is a constant that depends on grain size, sediment density, the gravitational constant, and a friction
factor. Although this formula was designed to calculate total load capacity for sand bed rivers, we use it to
predict suspended load rates assuming a uniform grain size of fine sediment (0.25 mm). Consequently, we
compute the suspended load transport capacity only for discharges that ensure this transport mode
(Rouse number less than 2.5).

Our study focuses mainly on bedload transport, because the coarser sediments define the geometry of gravel
bed rivers and, thus, control their long‐term transport capacity. However, we also consider the predictions
for suspended load for two reasons: First, in many rivers, the bulk of the sediment flux is expected to be
transported in suspension; second, the EH law offers a contrasting functional relationship with respect to
MPM: Both are characterized by a nonlinear relationship between transport capacity (qs) and river discharge
(q), but theMPM nonlinearity emerges from a threshold, while the EH nonlinearity comes from a power law
behavior (qs ~ q1.5). This comparison helps in pinpointing fundamental differences in the sensitivity to flood
frequency, vegetation, and confinement of bedload and suspended load transport capacity.
2.2.2. Probability Distribution of Daily Discharge
It has been observed that for different worldwide river systems, the complete range of mean daily streamflow
can be approximated by an inverse gamma probability density function (Crave & Davy, 2001; DiBiase &
Whipple, 2011; Lague, 2014; Lague et al., 2005; Molnar et al., 2006) of the form

pdf Qm; kð Þ ¼ kkþ1

Γ k þ 1ð Þ exp −
k

Q*

� �
Q*− 2þkð Þ; (6)

whereQ* is the daily discharge normalized bymean daily dischargeQm (Q* =Q/Qm), Γ the gamma function,
and k a parameter that controls the shape of the probability density function and captures the variability of
the hydrological forcing. The inverse gamma distribution exhibits an exponential tail toward low discharges
and a power law tail for large discharges.

To assess the impact of discharge variability, different values of k are used from 0.2 (high variability) to 4 (low
variability), consistent with the range of values that have been measured on monitored watersheds (see
Figure S1). Note that k= 4 represents an extremely low variability regime for which the tail of the probability
density function (pdf) can be considered as light, in a sense that large events are extremely rare (Lague,
2014). Values ranging from 0.2 to 1.0 represent highly variable climate conditions typical of monsoon‐
dominated areas such as Taiwan, which is frequently affected by typhoons (Lague et al., 2005), or arid areas
in the United States with infrequent large storms events (Molnar et al., 2006). Deal et al. (2018) and Rossi
et al. (2016) have shown that the power law tail of daily streamflow pdf may not be as common as previously
thought, at least in the continental United States. We acknowledge the potential limitations of equation (6)
but consider it general enough to explore the sensitivity of sediment transport to the mean and variability of
daily streamflow.

For an inverse gamma pdf, the return time of a specific daily discharge, Qsp, is given by

tr Qsp

� � ¼ Γ k=Qsp; k þ 1
� �−1

; (7)

for any combination of k and Qm (Lague et al., 2005).

In our approach, the river geometry (Wch, S, and dh) is set by the bankfull discharge of of the single‐thread
channel, but the computation of long‐term sediment transport capacity requires characteristics of the dis-
charge distribution (Qm and k in equation (6)). There is currently no simple theory or model that can link
Qbf and Qm (Phillips & Jerolmack, 2016). Published data sets of single‐thread gravel bed rivers shows that
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Qbf /Qm varies between 1.5 and 12, but the sensitivity to discharge variability was not explored in those stu-
dies (Andrews, 1980; Andrews &Nankervis, 1995; Pitlick & Cress, 2002; Williams, 1978). It is also commonly
observed that the bankfull discharge recurrence time is about 1.5 to 2 years for rivers located in a temperate
climate (k> 2) and low relief areas (Leopold et al., 1964; Petit & Pauquet, 1997). Based on the previous obser-
vation, we set Qbf/Qm ~ 5 for k = 2, as it represents the average value of the available data (see Figure S2 for a
sensitivity analysis on the impact of Qbf/Qm on the hydraulic regime and the long‐term transport capacity
prediction). Under those conditions, the bankfull discharge for an hypothetical case of a river presenting a
value of k between 0.2 and 1 has a recurrence interval of ~2 months, meaning that competent discharges last
several days per year.
2.2.3. Calculation of Long‐Term Sediment Transport Capacity
The sediment transport capacity is calculated for each discharge within the total range using equations (4)
and (5). Material composing the floodplain usually differs from the main channel bed in terms of grain size
and vegetation. As the flow inundates the floodplain, the partitioning between form drag and skin friction
changes. A part of the flow energy that contributed to sediment transport is lost because of the supplemen-
tary form friction introduced by the fixed roughness elements on the floodplain (e.g., trees and large bushes).
As a consequence, the fraction of the shear stress contributing to transport is reduced as the proportion of
material causing form friction increases. In addition, the bedload transport model used in this study ignores
stress partitioning and bar‐form drag in the main channels. For these reasons, floodplains are considered as
sediment storage areas so the total sediment transport capacity is computed solely in the main channel in
single‐thread channels. For braided rivers, transport is also computed on the braid plain, which is typically
flooded more often than the floodplain of single‐thread channels.

Long‐term sediment transport capacity Qs is obtained by integrating the product of event‐based sediment
transport capacity and its probability of occurrence over the discharge range (Tucker & Bras, 2000):

Qs ¼ ∫
Qmax

Qc
Wchqs pdf Qð ÞdQ; (8)

with Qc defined as the critical discharge able to initiate transport and Qmax the maximum discharge experi-
enced by the river during the chosen interval. In doing so we assume that channel geometry (width, longi-
tudinal slope, and bank height), median grain size, and parameters of the frequency‐magnitude distribution
remain stationary during the timescale of integration. This timescale is a function of the recurrence time of
Qmax and so depends on climate variability. Considering any k values, the recurrence time of Qmax is always
under 100 years for equation (8) to converge, that is, for the value ofQs to be independent of Qmax. It is thus
reasonable to assume that the channel geometry remains approximately steady at the integration timescale if
boundary conditions are fixed (mean discharge, grain size, vegetation type, and base level). Predictions for
timescales longer than 100–1,000 years with nonstationary boundary conditions are not possible with our
approach, as the river geometry may change and a full morphodynamic model should be used.

2.3. Representative Discharge for Single‐Thread Channels

In river restoration/engineering as well as in landscape evolutionmodeling, the action of the complete range
of discharges experienced by a river is often reduced to one discharge for convenience and simplicity of com-
putation. This representative discharge, hereafter called Qrep, has been computed or estimated using several
approaches that are summarized below.

1. The seminal work of Wolman andMiller (1960) introduced the concept of effective discharge, Qeff, calcu-
lated as the discharge that does the most geomorphic work over time. It is defined as the discharge cor-
responding to the maximum of the product of the discharge probability of occurrence (equation (6)) and
event‐based transport capacity (equation (4)) over the discharge range (Wolman & Miller, 1960)

Qeff ¼ max Wchqspdf Qð Þð Þ: (9)

Discharge variability is known to affect the effective discharge value by shifting it to higher discharge
values as variability increases (i.e., large daily discharge events are more frequent) (Andrews, 1980;
Pickup & Warner, 1976; Wolman & Miller, 1960). The effective discharge value is also sensitive to both
the exponent of the transport equation and the shape of the pdf used to represent the discharge series
(e.g., Barry et al., 2008).

10.1029/2018JF004767Journal of Geophysical Research: Earth Surface

CROISSANT ET AL. 7



2. The bankfull discharge Qbf is commonly assumed to be the representative discharge given its morpholo-
gic signature. Indeed, in the case of gravel bed rivers, several studies have shown thatQeff ~Qbf, when the
long‐term bedload rates are controlled by frequent intermediate discharges (Andrews, 1980; Andrews &
Nankervis, 1995). However, in cases where larger events tend to control long‐term bedload transport
rates, Qeff becomes larger than Qbf (Emmett & Wolman, 2001; Orndorff et al., 2004).

3. In channel restoration design, discharges presenting a return time varying between 1 and 2 years,Qrt, are
often considered a reasonable approximation of Qrep (Doyle et al., 2007).

The event‐based transport capacity, Qs, rep, is then calculated for each definition of Qrep using equation (4).
By definition, it is not possible to compute the long‐term transport capacity of a gravel bed river using only
the representative discharge. Therefore, the estimation of the long‐term transport capacity using any defini-
tion of representative discharge would need correction by a scaling factor, frep (e.g., Paola et al., 1992; Wright
& Parker, 2003):

Qs;rep ¼ f repQs;rep; (10)

where frep is not known a priori and can be calculated as the ratio betweenQs (equation (8)) andQs, rep. In the
following work, we study how the transport capacity computed with the three definitions of the representa-
tive discharge (Qeff, Qbf, and Qrt) is influenced by riparian vegetation and discharge variability. We
then assess how the single discharge approximation (equation (10)) compares to the exact solution of Qs

(equation (8)) and the sensitivity of frep to discharge variability.

2.4. Width Measurements on Natural Cases

Our model predictions offer new insights into the controls on widening/narrowing of rivers in response to
change in confinement due to valley geometry (gorge vs. open valley) or vegetation (Figure 1). We compare
these predictions with natural rivers located in New Zealand, Taiwan, and the Himalayas (see Figures S8 and
S9). They were chosen according to two criteria (i) no major tributary should modify discharge and sediment
supply to the main channel; (ii) the gorge section should have a continuous alluvial cover. The first criterion
ensures that width is the only geometrical characteristic that varies alongstream, and the second ensures
that the river is at or close to transport capacity. The measurements follow the method of Fisher et al.
(2012). The active channel part where vegetation is not present is delineated using high‐resolution satellite
imagery obtained from Google Earth, and an along stream width variation is generated. A mean width and
standard deviation is computed from measurements every 5 m along a 1‐km reach in both the confined and
unconfined section. We used SRTM or ALOS 30‐m DEM data to estimate the ratio of the gorge slope to the
braided slope in the sections where width was estimated. We found slope ratio between 0.86 and 1.04, with
four out of seven rivers having less than 5% variation in slope (see Table S1).

3. Results on Spatially Uniform Valley Confinement and Vegetation for
Single‐Thread Channels

We start by comparing event‐based transport capacity of confined and unconfined single‐thread channels
with different floodplain friction coefficients. We then integrate these calculations in different climatic con-

texts controlled by the frequency of extreme discharge events to computeQs. Finally, we study the sensitivity
of the effective discharge to vegetation and high‐discharge frequency. This section only addresses the case of
single‐thread channels without any downstream changes in confinement or channel morphology. The latter
case is examined in section 3.

3.1. Event‐Based Impact of Riparian Vegetation on Sediment Transport

Channel shear stress is calculated for different floodplain friction coefficients and for the complete range of
discharges (Figure 4). Below Qbf, shear stress scales with discharge to the 0.6 power, corresponding to that of
a rectangular channel with a Manning friction law (e.g., Whipple & Tucker, 1999). Above the bankfull dis-
charge and for unconfined single‐thread configurations, bed shear stress is reduced compared to the con-
fined channel because flows spill onto the floodplain. For a discharge 100 times larger than the mean
discharge, bed shear stress is ~100% larger in a confined channel than in the unconfined case without vege-
tation. As floodplain friction increases due to the density or type of vegetation present, bed shear stress
increases due to the additional resistance yielding higher flow depths. Figure 4 shows that with increasing
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floodplain friction, results asymptotically converge toward the confined
(gorge) case. This illustrates the virtual confinement generated by dense
floodplain vegetation.

The amplification of channel bed shear stress due to floodplain vegetation
compared to a bare floodplain configuration (Figure 4) results in an
increase of sediment transport capacity for a given overbank discharge
event (Figure 5). Bedload and suspended load exhibit different sensitiv-
ities to river discharge due to the type of nonlinearity emerging from the
exponent between transport capacity and shear stress (MPM vs. EH).
For bedload, the scaling between transport capacity and discharge is
asymptotically linear (QBL ~ Q, e.g., Tucker, 2004) beyond the critical dis-
charge that is the main source of nonlinearity at discharges close to Qbf

(QBL ~ Qm, with m > 1; Figure 5a). Consequently, the amplification of
transport capacity increases rapidly above bankfull discharges compared
to a bare floodplain and remains constant for very large floods. For sus-
pended load, the nonlinearity emerges from the scaling exponent (QSL ~

Q1.5), and the amplification of transport capacity increases continuously with discharge (Figure 5b).
During moderate floods (Q* < 30), the increase in suspended load transport capacity is negligible while bed-
load transport capacity can be doubled for the highest friction case. Only during rare and very large events
(Q* > 100) does vegetation increase the suspended load capacity as much as the bedload capacity. This high-
lights a striking difference on the sensitivity of the transport mode to vegetation for frequent floods.

Confinement of the channel has an even greater effect than vegetation. Bedload transport capacity can be
increased up to 5 times due to confinement (Figure 5a) and suspended load up to nearly 10 times during
extreme and rare events (Q* > 500, Figure 5a). These results show noteworthy differences in the transport

capacity of alluvial rivers and bedrock gorges simply as a function of chan-
nel confinement, with all other parameters being equal (slope, channel
width, and grain size).

3.2. Impact of Discharge Variability and Floodplain Roughness on
Long‐Term Sediment Transport

Here we explore how floodplain vegetation modifies long‐term sediment
transport capacity under conditions of variable discharge. Following the
approach of Wolman and Miller (1960), we plot the product of sediment
transport capacity and event probability of occurrence to explore the con-
tribution of various discharges to the overall long‐term transport capacity
budget (Figures 6a and 6b).

Bedload transport combines two characteristics promoting the action of
events greater than or equal to Qbf on long‐term transport capacity: (i) a
large critical shear stress and (ii) competent discharges starting slightly
below Qbf (Figure 5a). As discharge variability increases (i.e., k decreases),
with a fixed channel geometry, overbank floods become more frequent
and contribute more significantly to long‐term sediment transport than
events aroundQbf. This is highlighted by the effective discharge increasing
from Qbf at low variability (k = 4) to 1.5*Qbf at very high variability
(k = 0.2; Figure 6a). As floodplain vegetation only increases transport
capacity for overbank floods (Figure 6a), the vegetation plays a significant
role only when large floods are important in the long‐term sediment bud-
get. Hence, the amplifying effect of riparian vegetation on long‐term bed-
load transport capacity increases with discharge variability (Figure 6c).
For example, for a densely tree vegetated floodplain compared to a nonve-
getated floodplain, the total long‐term bedload capacity increases by 80%
for k = 0.2, by 50% for k = 1, but only by 15% when k = 4 (Figure 6c).

Figure 4. Bed shear stress exerted in the channel (τ) as a function of the nor-
malized discharge for different floodplain friction values. The bankfull
discharge corresponds to a normalized discharge of ~5 (i.e., 5 times themean
discharge).

Figure 5. Sediment transport capacity as a function of the normalized dis-
charge. The cyan plots represent sediment fluxes for a confined channel.
(a) Bedload transport rate. (b) Suspended load transport capacity. Inserts
show the ratio of transport capacity with respect to the unconfined case with
uniform friction (i.e., nch = nfp = 0.04).
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The influence of valley confinement can be understood as the asymptotic behavior of the virtual confine-
ment generated by floodplain vegetation. Figure 6a shows that valley confinement only has a large effect
under high‐discharge variability, in which case the effective discharge of a bedrock gorge can be twice that
of an alluvial river with a bare floodplain, with all other parameters being equal (slope, width, and grain
size). In low‐discharge variability regimes (k > 2), a confined bedrock gorge and an alluvial river of similar
width and slope would have only minor differences in long‐term transport capacity.

However, the amplification by vegetation and confinement remains small when compared to the impact of
increasing discharge variability: As shown in Figure 6d, in which the long‐term transport capacity is normal-
ized by its value calculated for k= 4 (low variability), bedload transport capacity experiences a ~40‐ to 50‐fold
increase when k decreases from 4 to below 1. By giving more weight to larger and rarer events, highly vari-
able hydraulic regimes would (i) lead to much higher long‐term bedload transport capacity and (ii) enhance
the boosting effect of vegetation on total bedload transport capacity. This emphasizes that flood frequency
has to be considered when evaluating long‐term bedload transport capacity in alluvial and bedrock rivers,
while floodplain vegetation is only important in high variability regimes. These results also indicate that
except for very low discharge variability (Figure 6a, k= 4), the effective discharge for bedload transport capa-
city in an alluvial river is expected to be 20% to 120% larger than the bankfull discharge and to depend on
discharge variability and vegetation.

Contrary to bedload, the long‐term budget of suspended load transport is mainly controlled by discharges
lower than bankfull due to the very low critical discharge (Figure 6b). The effective discharge for suspended
load is 5 to 10 times smaller than that for bedload and typically of the same order as the mean discharge.
Therefore, extreme events have only a limited impact on long‐term transport capacity. Consequently, the
influence of discharge variability, riparian vegetation, and valley confinement is much smaller than in the
bedload case: Suspended load transport capacity increases by a factor of only ~2 when k decreases from 4
to 1, while bedload increases by a factor of 50 (Figure 6d). Similarly, floodplain vegetation only increases sus-
pended load capacity by a maximum of 70% in extreme variability regimes and for the highest friction.
Otherwise, it has a negligible effect (i.e., <10%) for k > 1. This highlights the role of transport threshold in
setting the dominance of large events on long‐term transport compared to the scaling exponent of transport
capacity laws. We note that the effective discharge for suspended load is much smaller than for bedload
material, which raises the issue of the adequacy of using a constant reference discharge to model both bed-
load and suspended load transport in numerical simulations.

Figure 6. (a, b) Product of sediment transport capacity and event probability of occurrence (pdf(Q*)). The effect of high‐
discharge frequency, riparian vegetation, and confinement is explored for (a) bedload transport and (b) suspended load
transport. Arrows show the effective discharge. (c, d) Normalized long‐term transport capacity as a function of floodplain
friction. (c) The normalization is made by dividing long‐term sediment flux by the case with uniform friction (i.e.,
nch = nfp = 0.04) to investigate the role of floodplain friction. (d) The normalization is made by dividing long‐term sedi-
ment flux by the k = 4.0 case to explore the role of discharge variability.
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3.3. Representative Discharges for Bedload Transport and
Discharge Variability

Long‐term river evolution is generally studied or modeled using a repre-
sentative discharge Qrep for which three definitions have been proposed.
We do not know whether this representative discharge should vary with
climate variability or if a simple definition can be chosen that would sys-
tematically provide an adequate description of the exact long‐term flux.

We first note that for any definition of Qrep, Qs, rep always increases with
discharge variability:

1. IfQrep = Qbf, the bankfull transport capacity is independent of k, but its
frequency increases when k decreases.

2. If Qrep = Qeff, Qeff and its associated frequency increase with k
(Figure 6a).

3. If Qrep= Qrt, the annual frequency of Qrt is fixed (to 1 or 0.5), but dis-
charges that corresponds to that frequency always increase with k.

Figure 7 shows the ratio betweenQs (equation (8)) calculated using the complete discharge spectrum andQs,

rep computed with Qeff, Qbf, and Qrt (equation (9)). This ratio is evaluated for different discharge variability.

Qs, rep is systematically smaller thanQs by a factor 3.5 to 11.5 depending on the definition of the representa-

tive discharge and the variability. Discrepancies between Qs and Qs, rep increase with discharge variability

(low k). In highly variable regimes, the discharge range controlling Qs expands and have more weight com-
pared to Qs, rep, the value of which depends on only one discharge. When k > 2, frep shows limited variation,
and the three representative discharges overlap (Qeff~Qbf~Qrt = 1). Arguably, for this low variability regime, it
is possible to assume that the representative discharge does not vary with climate variability. A correcting
factor that will depend on the specific channel geometry and grain size must be introduced to accurately
compute the long‐term sediment flux with a single representative discharge weighted by its frequency of
occurrence (in our test case, this factor is about 4). For k < 1.5, frep varies between 6 and 12, and there are
significant differences between the three definitions of the representative discharge. The fixed return time
discharge exhibits a reduced sensitivity to discharge variability (between 4 and 6). Therefore, using the fixed
return time discharge to predict long‐term bedload transport capacity whatever the discharge variability is
the less biased solution compared to the other two definitions. The effective discharge Qeff or the bankfull
discharge Qbf introduces an important underestimation of long‐term transport capacity that increases with
discharge variability. This makes using them arguably more complex and biased than the exact solution
accounting for the whole discharge spectrum.

4. Results on Channel Widening Downstream of Confined Valleys
4.1. Results for Confined Versus Unconfined Single‐Thread Channels With Differing Degrees of
Floodplain Roughness

A direct consequence of the effect of valley confinement or virtual confinement by vegetation is that for an
identical channel width, slope, and grain size, rivers can experience a significant drop in long‐term bedload
transport capacity when the confinement decreases (Figure 5). Figure 8 shows the reduction of bedload
transport capacity experienced by a single‐thread alluvial river with varying floodplain friction compared
to a confined bedrock gorge of identical width (Wconf = Wch), slope, and grain size. Two trends appear:
First, the loss of transport capacity in the unconfined alluvial reach increases with discharge variability,
reaching 40–60% for k < 1, but is limited to 20–25% for k = 4; second, the presence of vegetation attenuates
the loss of transport capacity in highly variable flow regimes. We note that approaching this problem by
assuming a spatially uniform representative discharge such as the bankfull discharge in the alluvial section
would predict no transport capacity change.

If the river dynamics are transport limited, that is, bedload sediment transport is close to capacity, a
negative alongstream gradient of transport capacity develops at the location of confinement loss driving
aggradation over the long term. In a steady configuration, such total transport capacity gradients cannot

Figure 7. Influence of discharge variability on the scaling factor frep for dif-
ferent representative discharge definitions (r.t. = return time, here equal to 1
and 2 years).
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be maintained. Channel geometry has to change to compensate for the
reduction in confinement and to maintain the total transport capacity.
Hence, systematic covariations in channel geometry with changes in
valley confinement or floodplain vegetation should be observed. We
focus our analysis on the transition between bedrock gorges and allu-
vial reaches (Figure 1), rather than changes in floodplain vegetation
as the former represents a very sharp, sustained change in
valley confinement.

Considering the bedrock/alluvial transition, previous observations (e.g.,
Lavé & Avouac, 2001) combined with our analysis based on 6 rivers indi-
cates that 4 rivers have slope variations of less than 5% between confined
and unconfined sections and 3 have up to 14% steeper braided reaches
that could partially compensate for the loss of confinement (Table S1).
This preliminary data set indicates a potential but limited role of slope
in maintaining transport capacity when confinement decreases.

While surface grain size may vary longitudinally due to varying compe-
tent discharges, continuity of bedload sediment transport over the long term and in a steady state configura-
tion implies that over the short distance considered in our analysis (less than a few kilometers), the bulk
grain size distribution averaged through time should not vary abruptly. Hence, we suggest that channel
width variation should be the dominant response of a channel to the loss of confinement at the transition
between bedrock gorges and alluvial channels, except when the river slope in the gorge is lower than in
the unconfined reach.

To test this assumption, we predict how channel width should vary in order for total bedload transport capa-
city to be maintained in the case that channel slope and grain size are identical in the confined and uncon-
fined channels. First, we briefly report on a study of natural examples in three worldwide locations
(Southern Alps of New Zealand, Himalayas, and Taiwan). This preliminary analysis only aims to identify
the range of widening factor at bedrock/alluvial transitions, not to explore causal relationships with dis-
charge variability, slope, grain size, and other geomorphological factors that are not well constrained.
Second, we recall how total transport capacity varies with channel width in a stochastic threshold frame-
work (Lague, 2014), as it is central to understanding the results. We subsequently explore the predictions
of our simplified model considering unconfined single thread and braided rivers (Figure 1).

Changes in confinement or vegetation are very often correlated to changes in bank resistance (from bed-
rock to alluvium or with root reinforcements by vegetation). Such changes in bank resistance have often
been invoked to explain changes in channel width for instance (Millar, 2000; Nicholas, 2013; Tal & Paola,
2007). In the following, we only consider the role of confinement loss to evaluate if it can explain
observed variations in channel width or the transition to a braided system. Limits to this approach are
addressed in the discussion section, including the potential role of channel slope changes downstream
of the gorge.

4.2. Constraints on Widening From Natural Examples

We choose cases in which a continuous alluvial cover of sediment exists in the bedrock gorge, indicative of a
system at, or close to, transport capacity. Figure 9 shows that mean channel width increases by a factor of 3 to
8 at the confined/unconfined transition. While the width in the confined gorge generally exhibits little varia-
bility (~15%), the active channel width in the unconfined alluvial part varies significantly over the 5–10 km
chosen to compute the mean width. This translates into large fluctuations of the widening factor around the
mean (Figure 1). We note that all rivers studied here are braided in unconfined sections, and single thread in
the gorge. In this data set, only the Waiau exhibits a steepening of the channel when the river emerges from
the gorge.

4.3. Dependency of Long‐Term Transport Capacity on Channel Width

The long‐term total transport capacity,Qs, of an alluvial channel is the product of channel width and the unit

transport capacity (i.e.,Qs ¼ Wqs Wð Þ). In the traditional constant effective discharge approach,Qs is subject

Figure 8. Long‐term transport capacity of an unconfined alluvial reach nor-
malized by that of a confined bedrock gorge as a function of floodplain
friction.
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to two opposite effects: It increases linearly with W through the integra-
tion over the channel section but decreases due to shear stress decreasing
with W (i.e., qs ~ W‐0.9 when τ > > τc for a confined rectangular channel
with a Manning friction law). The resulting total transport capacity

should slightly increase with width as Qs∝W0:1 when τ > > τc
(Figure 10; Lague, 2014). However, when considering bedload transport,

the threshold is never negligible, and the resulting effect is that Qs

decreases strongly with channel width until τ ≤ τc for which Qs ¼ 0
(Figure 7; Croissant et al., 2017).

A stochastic approach using the complete spectrum of discharge yields
significant differences compared to the constant discharge solution
(Figure 10). The main reason is that a third effect plays out in modulating

Qs : Width variations not only affect the shear stress for all discharges but
also change the critical discharge Qc at which bedload transport starts
(Lague, 2014; Tucker & Bras, 2000). As channel width increases, Qc

increases, and the range of competent discharge decreases. The censoring
effect of the critical discharge variation with W is actually a dominant control over the long‐term sediment
transport rather than the reduction of shear stress available for transport at individual discharges. The result-

ing effect is that Qs decreases systematically with width, at a rate that decreases with discharge variability.
Results shown in Figure 10 slightly differ from analytical predictions by Lague (2014) (Figure S1) because
we use amore complete numerical solution with the inverse gamma distribution of daily stream flows along-

side slightly different unit sediment transport law. In particular, the model results predict that Qs does not
vary at small widths because the threshold is negligible. This regime is never met for gravel bed rivers and
explains the difference with the analytical approximation proposed by Lague (2014), which assumes a non-
negligible threshold.

The previous results have two important consequences: First, there is a fundamental difference in how the
width in combination with the critical bedload shear stress affects long‐term transport capacity between a
constant effective discharge and an exact stochastic solution. Second, and this is an essential prediction,
the stochastic predictions show that the decrease in transport capacity due to the loss of confinement at
the bedrock/alluvial transition could only be compensated by a narrowing of the alluvial channel if it stays
single threaded. This contradicts observations from Figure 8. However, the prediction holds only for single‐
thread rivers. In all studied natural cases, the alluvial channel becomes braided after the gorge exit (see
Figures S8 and S9), which calls for using a flow geometry consistent with this type of river.

4.4. Prediction of Widening Factors With a Braiding Geometry

Here we explore whether solutions exist in which widening of the active channel can be predicted between a
confined bedrock channel and an unconfined braided river. The slope (S = 0.4%), the median grain size
(D50 = 10 cm), and the Manning friction coefficient (nch = 0.04) are identical between the confined and the
unconfined reach. According to the braided river geometry built following the description in section 2.1.2,
the flow concentrates in the larger channel at low discharges. As the discharge increases, the smaller channels
are activated and start to contribute to the total transport capacity once their shear stress overcomes the thresh-
old of motion. During flooding conditions (i.e., Q > Qbf), water inundates the active channel but remains
restricted to the total width of the braid plain (Wtot). Large daily flows that inundate the total width of the braid
plain can be high enough to initiate transport on the interbraid part. Therefore, the whole width of the braid
plain is included in the total long‐term transport capacity computations. The total transport capacity of the
cross section is computed by integrating the local transport capacity over the entire width of the braid plain
where the shear stress is above the critical shear stress.We compute thewidening factor (Wtot/Wconf) by assum-
ing that the total long‐term bedload transport capacity must be identical between the braided alluvial section
and the confined bedrock gorge. We first compute the total transport capacity in the braid plain for various k.
We then numerically search for the confined channel width Wconf by minimizing the difference between the
total long‐term transport capacity of the unconfined and confined sections.We have checked that this problem
has a unique solution for which the total long‐term transport capacities are within 1% of each other.

Figure 9. Ratio between unconfined and confined channel width for differ-
ent natural rivers. Uncertainties derive from the standard deviation of width
measurement distributions.
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Figure 11a shows that the modeling approach finds a solution with a
widening ratio (Wtot/Wconf) spanning values from 2.2 to 8, which is con-
sistent with observations. Wtot/Wconf systematically increases with k with
values around 2.5 for high‐discharge variability, and up to 8 for low‐
discharge variability. The ratio Wtot/Wconf decreases as the proportion
of the interbraid bars reduces from 125% to 50% of the total braid plain
width. Reducing the proportion of bars increases the confinement of
the braid plain, in turn decreasing the width difference between the gorge
and the braid plain. In all models the predicted bedrock gorge channel
width is systematically larger than the individual braids. For instance,
the bedrock gorge width is 4.7 times the largest thread of the braided river
when k = 1 and 2.1 times for k = 3.

To better understand these results and the sensitivity to discharge varia-
bility, Figure 11b shows the product of the total transport capacity and
the event probability of occurrence for both the braided river and bedrock
gorge case. The same total long‐term bedload transport capacity is
achieved fundamentally differently in the gorge and braid plain sections;
the sediment is entrained at a lower critical discharge in the narrow allu-
vial braids than in the wider confined section. Transport is thus more fre-

quent in the alluvial section to compensate for the reduced effectiveness of large overbank floods due to the
loss of confinement. This is illustrated by the mode of Qspdf(Q) being offset to lower discharges in the
braided section compared to the confined one (Figure 11b). As discharge variability modulates the contribu-
tion of large daily discharges to long‐term transport, transport has to be less frequent, and the critical dis-
charge higher in the gorge for high‐discharge variability (k = 1) than for a low‐discharge variability
(k = 3). For k = 1, a second mode appears at Q ~ 5,000 m3/s due to the added contribution of small braids
set high on the floodplain to the total transport capacity.

Interestingly, an alongstream transport capacity gradient exists at the event scale for all solutions
(Figure 11b): During frequent flooding, erosion should occur at the vicinity of the confined/unconfined tran-
sition due to a positive capacity gradient, while aggradation should occur during very large infrequent floods.
Yet, over the long term, these differences average out, and no gradient in temporally averaged bedload trans-
port capacity exists.

These results demonstrate the possibility of matching long‐term bedload transport capacity in systems of sig-
nificantly different width and confinement with a fully stochastic approach. This offers new insights into the
controls on the large river widening observed downstream of bedrock gorges and alluvial channels, and the
tendency to develop braided rivers that are discussed below.

Figure 10. Predicted sensitivity of total long‐term transport capacity to
changes in channel width for a confined channel in the case of a constant
discharge solution (with and without entrainment threshold; equation (9)),
and comparison with the exact solution obtained by a stochastic approach
accounting for the full spectrum of daily stream flows (equation (7))
(modified from Lague, 2014). Parameters used are shown in Table 2. A cor-
rection factor of 5 is applied to the constant discharge prediction to match
the stochastic prediction as discussed in section 2.3 and shown in Figure 7.

Table 2
Model Parameters Used in the Transport Capacity Calculations for the Single‐Thread and Braided River

Parameters Units Notation Single thread Braided river

Bankfull discharge m3/s Qbf 500 385
Median grain size m Dm 0.05 0.10
Channel width m Wch 82 10–100
Cross‐section total width m Wtot 482 1000
Slope ‐ S 0.0013 0.004
Bank height m dh 3.13 0.3–1.6
Qbankfull/Qmean ‐ Qbf/Qm 4.8 4.8
τbankfull/τc ‐ τbf/τc 1.2 1.2
Norm. Discharge range ‐ ‐ 0.01–500 0.01–500
Channel friction m1/3.s nch 0.04 0.04
Floodplain friction m1/3.s nfp 0.04–0.15 0.04
Discharge variability ‐ k 0.2–4.0 0.5–4.0

Note. The use of hyphen “‐” means that the variable is nondimensional.
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5. Discussion
5.1. Limitations

One of the first simplifications made in this study is the rectangular channel cross section that we impose for
the single‐thread channel, which is rarely seen in natural systems either for alluvial or bedrock rivers (Lague,
2014;Whipple et al., 2013). Our choice is consistent with the geometry used by Parker et al. (2007) and allows
us to define a representative bankfull geometry. Moreover, tests performed on trapezoidal channels having
large basal width and bank angles >60° show that the scaling between water discharge and flow depth (and
thus shear stress) does not differ substantially from that of a rectangular channel (see Figure S4). More com-
plex geometries and different bank angles would alter the scaling between shear stress and discharge (if the
basal width is low compared to the total width; e.g., Turowski, Hovius, Meng‐Long, et al., 2008; Turowski,
Hovius, Wilson, et al., 2008). However, the consequences for long‐term bedload transport capacity would
be limited due to the dominance of over or near bank discharges on the long‐term budget. For suspended
load, a reduced exponent of the scaling relationship between shear stress and discharge for Q < Qbf would
predict even less sensitivity to discharge variability than our current results. Given that we demonstrate that
discharge variability has a limited impact on long‐term suspended load, this would just reinforce
this conclusion.

Another assumption of our approach is the constant slope between the confined channel and the unconfined
channel. This assumption is verified in the majority of the natural examples we have studied, but in some
rivers, the unconfined channel is steeper than the preceding bedrock gorge offsetting the reduction of
long‐term transport capacity due to the loss of confinement. A sensitivity analysis of model results shows
that a steepened single‐thread unconfined channel would not produce the range of widening ratios mea-
sured for natural cases (see Figure S5). However, when considering the braided model, our results show that
the slope gradient has an influence on the predictedWtot/Wconf ratio. The lower slope of the bedrock gorge is
compensated for by a narrower channel to match the long‐term transport capacity of the braided reach.Wtot/
Wconf thus increases when the unconfined section is steeper than the gorge. The opposite happens when the
bedrock gorge slope is steeper than the braided reach. Slope variations are thus expected to alter the widen-
ing ratio, but within the slope ratio variations explored here (+/−20%), river widening and the transition to a
braided system is expected to be the most geometrically significant change of the river to compensate for the
loss of confinement. Recall that the model assumes transport‐limited conditions across the gorge. It cannot
be applied to predict geometry when the bedrock gorge is significantly undercapacity, in which case
detachment‐limited conditions are expected to apply.

In our channel configuration, the floodplain width can be thought of as the maximal lateral distance that
water can reach during a high‐discharge event. This distance is expected to vary with vegetation density
and the subtle microtopography of the floodplain. For a given overbank discharge, a wider floodplain low-
ers water depth, reduces channel transport capacity, but also enhances the sensitivity to differential friction
and discharge variability. A sensitivity analysis (see Figure S6) shows that the floodplain width only matters

Figure 11. (a) Wtot/Wconf as a function of discharge variability for several braid plain configurations, presenting varying
proportion of interbraid width. The “small braid plain” case corresponds to 50%, “int.” to 100%, and “large” to 125% of the
cumulative width of braids. The bars represent the variability of the results emerging from the random generation of
braid plains (here 50 braided geometries are generated for each value of k). (b) Product of sediment transport capacity and
event probability of occurrence for confined and unconfined channel configuration. For each k, the graphs show the
case where confined and unconfined long‐term transport capacity are equal; that is, the integrals of the black and blue
graphs are equal.
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in high variability regimes (k < 1). In that case, a larger floodplain reinforces the amplification effect of
riparian vegetation but reduces the impact of discharge variability. While the actual long‐term bedload
transport capacity is modified, our conclusions on the sensitivity to vegetation or discharge variability are
not altered.

In a stochastic context, any prediction of long‐term bedload transport for single thread channels will be
sensitive to the transport threshold, which is set in our modeling framework by τbf/τc (Lague, 2014;
Tucker & Bras, 2000). Increasing the threshold translates into a greater contribution of overbank discharges
to the long‐term transport capacity budget and a higher sensitivity to vegetation friction and discharge varia-
bility. To ensure generality of our results for various single‐thread rivers, we choose a channel geometry set
by τbf/τc= 1.2 as in Parker et al. (2007). We note however that for single‐thread gravel bed rivers, τbf/τc ranges
from 1.2 to 1.6 (Andrews, 1984; Dade & Friend, 1998; Parker et al., 2007). It has also been observed that vege-
tation through bank strengthening could increase τbf/τc toward values of around 2 (Millar, 2005; Pfeiffer
et al., 2017). More recent studies have shown that the τbf/τc ratio could reach values larger than 2 but that
a range of 1 to 2 encompasses the central tendency of values for gravel bed rivers (Buffington, 2012). A sen-
sitivity analysis (see Figure S7) shows that our conclusions hold for τbf/τc between 1.2 and 2. The lower the
value of τbf/τc, the greater is the sensitivity to vegetation and discharge variability.

The synthetic reproduction of braided channel geometry is a difficult endeavor as shown by the complexity
of natural cases (Figure 1). However, the new simplified geometrical model that we introduce successfully
reproduces empirical observations. This success is not random, as the model reproduces observations for a
narrow range of parameters and simpler models using a series of rectangular braids are not able to capture
the variation of the wetted area of braided rivers with discharge.

5.2. Impact of Discharge Variability on the Transport Capacity of Alluvial Rivers and
Their Morphodynamics

Our results show that discharge variability has a very large impact on long‐term bedload transport capacity
(Figure 6c) for a given channel geometry, while it is expected to have a minor effect on suspended load. As
such, it is an essential element to factor in models of long‐term river morphodynamics, in particular under
varying climatic forcing. For computational reasons, it remains challenging to fully capture the impact of a
large spectrum of discharge in 2‐D river morphodynamics models, such that an effective discharge, some-
time slightly varying, is generally used (e.g., Croissant et al., 2017; Davy & Lague, 2009; Nicholas, 2013).
Yet, as shown by the example of the bedrock/alluvial transition, considering discharge variability is not only
essential to capture correctly the effect of a variable river hydrology, and in particular the extremes, but also
to unravel new relationships between channel equilibrium geometry and boundary conditions that constant
discharge approaches cannot capture.

One expects equilibrium channel geometry to vary significantly with discharge variability due to the large
impact on bedload transport capacity. Disentangling the specific effect of discharge variability among
other boundary conditions such as grain size, sediment supply, mean discharge, and bank resistance is
difficult. A first step in that direction has been obtained by Phillips and Jerolmack (2016) who have
shown that a large number of rivers in the United States covering a wide range of discharge variability
regimes tend to be organized such that bankfull shear stress is ~20% higher than critical shear stress.
This observed apparent self‐organization of rivers to a threshold state (Parker et al., 2007; Talling,
2000) despite large variations in discharge variability shows that channel equilibrium geometry is indeed
varying significantly with discharge variability. This result is consistent with the strong influence of dis-
charge variability on transport capacity for a fixed channel geometry. Phillips and Jerolmack (2016) also
observed that the effective discharge (defined as Qbf) was a frequent event, a result that is consistent with
our model prediction for alluvial rivers (Figure 6a), where the effective discharge, even for extremely large
variability (k = 0.2), remains a frequent discharge (Qeff/Qbf ranging between 1 and 2). This originates from
the strong reduction in shear stress/discharge scaling during flooding and the limited asymptotic nonli-
nearity of the bedload transport law. Yet our results show that even if the effective discharge is a frequent
event, because the threshold of transport is high, any small change in variability changes significantly the
frequency of competent discharge and the long‐term bedload transport capacity in a larger way than the
effective event does.
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5.3. New Insights on Channel Widening at the Bedrock Gorge/Alluvial Plain Transition

The modeling results show that the loss of confinement downstream of bedrock gorges would translate into
a significant loss of transport capacity if the slope and grain size were uniform. This condition could not be
sustained over the long term and would require a change in channel geometry. We demonstrate that the nar-
row threads in a braided river presenting a lower critical discharge than in the confined gorges increase the
range of competent discharge and ultimately compensate for the loss of confinement experienced during
high flow. As such, braided rivers appear to be the optimal geometric response to the problem of increasing
the range of competent discharges and can be viewed as a river morphodynamic response to maintain along-
stream transport capacity. Therefore, while braid geometry (trapezoidal cross section) impacts the scaling
between discharge and transport capacity, the mechanisms by which a braid plain increases its transport
capacity is by the added effect of narrower threads. Here, the change in cross‐section shape from the gorge
(rectangular) to the braid plain (trapezoidal) does not significantly impact the results as discussed above (see
Figure S4).

The modeling results also reveal new insights regarding alluvial bed dynamics over short and long time-
scales near the transition between narrow bedrock gorges and wide alluvial reaches due to alongstream
variation in Qc; considering a single discharge event, the transport capacity would systematically vary down-
stream. The frequent and intermediate discharges promote erosion in the alluvial section due to the smaller
Qc, and large events drive aggradation due to the loss of confinement. Combined with the fact that the tran-
sition from bedrock banks to alluvial banks favors the lateral mobility of the flow, the temporal fluctuations
in aggradation/degradation at gorge outlets may be of critical importance for the initiation and maintenance
of the braiding instability. Our results also show how spatial variations in width and confinement can result
in short‐term dynamics that a constant discharge approach would qualify as unbalanced (as shown in Garcia
Lugo et al., 2015), while the long‐term integration of the complete spectrum of discharges is indeed balanced.

The previous analyses do not account for the effect of changes in bank resistance, which can promote river
widening in the alluvial section but is still difficult to account for mechanically (Limaye & Lamb, 2014). A
more systematic analysis of potential slope variations between the gorge and the braided part of natural
rivers is also needed. Combined with field measurement of grain size and discharge variability, these data
will help in getting a more complete picture of the variations of river geometry downstream of gorges.
Our modeling results show that changes in river confinement are an integral part of the problem of channel
narrowing in bedrock gorges that are traditionally interpreted as being related to localized uplift and/or a
change in channel bank resistance (e.g., Lavé & Avouac, 2001; Turowski et al., 2009; Yanites et al., 2010).
The effect of unconfinement should also be considered and will be greatest in areas of high‐discharge varia-
bility, limited vegetation, and high fraction of bedload sediment supply.

5.4. Impact of Vegetation on the Transport Capacity of Alluvial Rivers

Our results demonstrate that for a typical single‐thread gravel bed river, a dense floodplain vegetation gen-
erating high flow friction would increase long‐term bedload transport capacity by a factor of up to 2 in con-
ditions of high‐discharge variability compared to a uniform friction condition. When discharge variability is
low (k > 2), floodplain vegetation has a more subdued effect and would only have a significant impact (i.e.,
amplifying sediment transport by more than 10–20%) for the largest end‐member of the studied friction (nfp
= 0.15). Suspended load transport capacity is in general marginally increased by floodplain vegetation,
except in the highest discharge variability regimes (k < 0.5) when it can be increased by 50%.

These results demonstrate that the virtual confinement offered by riparian vegetation can have a significant
impact on bedload transport efficiency such that the equilibrium geometry would be expected to be different
with or without riparian vegetation, but only if discharge variability is high enough. Under the assumption
that floodplain vegetation only affects friction, rivers at steady state with an identical long‐term bedload
supply rates, similar slope, and grain size would have an equilibrium width that increases with the level
of virtual confinement by vegetation. This results from the same mechanism at work in the bedrock/alluvial
transition: more effective overbank discharges when vegetation is present have to be compensated for by a
reduced range of competent discharge tomatch the total capacity of a bare floodplain configuration. This can
only be obtained by a larger width that increases Qc.
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Yet this prediction does not factor in any influence of vegetation on bank resistance. It has been observed
that riparian vegetation tends to reduce the width of single‐thread rivers with otherwise similar boundary
conditions (e.g., Camporeale et al., 2013; Millar, 2000, 2005; Parker et al., 2007). Increased bank resistance
by root reinforcement has been put forward to explain such channel narrowing, as well as reduced near‐
bank flow velocities (Camporeale et al., 2013; Nicholas, 2013; Tal & Paola, 2007). Our modeling work
neglects these important processes but suggests that riparian vegetation through virtual confinement could
have a widening effect that would counteract channel narrowing due to vegetation induced bank erosion
reduction. As a result the overall impact of vegetation on channel geometry could be more subdued that pre-
viously thought, especially in highly variable discharge regimes. As this effect can only be captured by con-
sidering the complete spectrum of discharges and is particularly important in high‐discharge variability
regimes, it has not emerged previously as a mechanism by which vegetationmay influence channel morpho-
dynamics, as most current models use either a constant representative discharge or slightly varying
discharge (Camporeale et al., 2013).

5.5. Effective Discharge

Modeling river morphodynamics on long timescales can be done by simulating the complete spectrum of
discharge (e.g., Lague, 2010) or by only one representative discharge event (e.g., Croissant et al., 2017;
Davy & Lague, 2009; Nicholas, 2013). The latter is appealing and is generally chosen given the computa-
tional constraints on simulating all discharges. However, we have shown that underestimations of
long‐term transport capacity introduced by the use of representative discharge compared to a full description
of the discharge range experienced by rivers vary between a factor of 3 to 12 depending on the representative
discharge definition and the climatic conditions (discharge variability).

These errors have an impact on at‐a‐station transport capacity prediction but also on along stream predic-
tions, especially when rivers experience significant geometry and regimes changes (from gorges to braided
rivers for instance; e.g., Lavé & Avouac, 2001; Turowski et al., 2009; Yanites et al., 2010). In these cases,
assuming a spatially uniform representative discharge is likely to be problematic, as the critical discharge
and the peak of efficiency differ from unconfined to confined channels. Additionally, we have demonstrated
that the discrepancies between representative discharges for suspended load and bedload render its use in
numerical simulation more difficult, as one would have to adjust transport law parameters to compensate
for the different effective discharges. Overall, our results advocate for a more systematic use of fully stochas-
tic numerical models to avoid potential biases in using constant effective discharge models.

6. Conclusion

We present a simple model that computes the long‐term transport capacity of rivers by incorporating a
stochastic distribution of mean daily discharge events coupled with different sediment transport laws. The
calculations are made on confined and unconfined cross sections in which geometries are constrained from
empirical relationships based on data previously compiled for natural rivers. The different vegetation con-
texts are simulated by tuning the floodplain Manning friction coefficient, which increases with vegetation
density and type. The flood frequency is modulated by a variability parameter that controls the relative
contribution of extreme events compared to frequent ones.

The comparison between unconfined alluvial channels and confined bedrock gorges with identical width,
slope, and grain size shows that the latter always have a larger total transport capacity due to valley confine-
ment. Consequently, channel geometry has to vary at the unconfined alluvial/confined bedrock transition to
maintain long‐term transport capacity. Central to our analysis is the demonstration that total transport capa-
city decreases with greater channel width and that this relationship is sensitive to discharge variability.
Consequently, we demonstrate that a braided alluvial channel made of inner channels that are compara-
tively smaller than the bedrock gorge canmaintain the total alongstream capacity despite the loss of confine-
ment due to a larger range of competent discharge (i.e., a smaller critical discharge).

Riparian vegetation increases event‐based transport capacity significantly by raising water depth in the
active alluvial channel and thus acts as a virtual confinement of the river. We found that long‐term bedload
transport capacity is only sensitive to riparian vegetation when discharge variability is high. Bedload
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transport capacity increases significantly with discharge variability in relation to the high transport thresh-
old that is typical of threshold‐state channels.

Our stochastic modeling approach introduces a new dimension to the relationship between discharge,
width, slope, grain size, and transport efficiency through the role of channel confinement and vegetation.
Future work should focus on expanding this work with a 2‐Dmorphodynamics model of river dynamics that
is capable of reproducing a wide spectrum of discharge, accounting for changes in bank resistance, and is
able to capture channel instabilities such as braiding. This would help in deciphering the relationship
between equilibrium geometry and boundary conditions that can only be fully addressed by considering
the full spectrum of stochastic hydraulic forcing occurring in natural rivers.
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