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Abstract Gravel‐bed rivers adjust their shape in response to environmental changes, including the addition
or removal of macro‐roughness like logs and boulders. River restoration often involves adding macro‐roughness
to reduce flow velocity and increase channel‐floodplain connectivity, but our understanding of channel response
to changes in macro‐roughness is limited, in part because of a lack of theory that links macro‐roughness to
reach‐scale channel evolution. We ask how macro‐roughness affects gravel‐bed river geometry, and how rivers
respond to step changes in macro‐roughness as might occur during restoration. We develop a process‐based
model for gravel‐bed river evolution that accounts for macro‐roughness effects, and explore modeled
equilibrium channel form as well as transient response to macro‐roughness changes. We also apply the model to
a case study from Washington State, USA, where macro‐roughness primarily comes from wood loading.
Equilibrium simulations reveal three regimes of behavior as roughness increases: one in which modest macro‐
roughness is predominantly accommodated via bank erosion and widening, one in which greater roughness is
accommodated by coupled widening and aggradation/steepening, and one in which overbank flow triggers rapid
aggradation that fills the channel. Trajectories of channel response to roughening can be nonmonotonic and
nonlinear, implying that perceived effects of roughness changes may differ based on which measurements are
made and when. The field case study suggests that the model can be parameterized using data from natural
systems, and may, despite inherent simplifications, be useful for conceptualizing how macro‐roughness
influences the evolution of gravel‐bed river shape.

Plain Language Summary Large obstacles like logs, boulders, and beaver dams affect how rivers
change their shape over time. Modern river restoration often involves adding obstacles to rivers to reduce flow
speed and force water to spill onto the floodplain. Predicting how rivers will respond to these interventions can
be difficult. Using a new mathematical model, we explore potential responses of river shape to changes in
roughness that might arise from natural processes or human impacts. We find that river response to roughness
changes depends primarily on the amount of roughness change and the extent to which obstacles drive flow onto
the floodplain. Roughness‐driven changes in channels can vary over time; we predict that observed responses to
roughness changes will vary based on, among other factors, when measurements are made. Our model may help
plan river restoration programs by enabling evaluation of possible responses to restoration in advance.

1. Introduction
The shape of gravel‐bed rivers, and the variability in that shape over space and time, control the type and quality
of aquatic habitat (Buffington & Montgomery, 2022), the prevalence of fluvial hazards (Eaton et al., 2017; S.
Ahrendt et al., 2022), the trajectory of landscape evolution (Gabel et al., 2024; Wickert & Schildgen, 2019), and
the response of rivers to human impacts (Gilbert, 1917; Wohl, 2015). On average, gravel‐bed river form (bankfull
width, depth, and local slope) tends toward a “near‐threshold” equilibrium in which the width‐averaged bankfull
shear stress is slightly greater than the critical shear stress required to move the median bed grain size
(Parker, 1978; C. B. Phillips et al., 2022). Channel shape therefore reflects formative conditions including
discharge, grain size, sediment supply (Pfeiffer et al., 2017), and flow resistance (Eaton et al., 2004; Francalanci
et al., 2020). Physically based regime models derived from near‐threshold or similar theory can predict equi-
librium channel form under different boundary conditions (Blom et al., 2017; Eaton et al., 2004; Eaton &
Millar, 2017; Parker, 1979).

Although gravel‐bed river shape obeys the expectations of the near‐threshold model in an average sense, making
regime models useful for exploring the range of plausible equilibrium channel geometries, it is important to also
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understand the timescales and trajectories of transient responses of river shape to changes in formative conditions
both to elucidate process dynamics and to enable applied prediction (Davidson & Eaton, 2018; Fryirs, 2017).
Rivers respond to natural and human‐caused variations in the hydrologic regime (C. B. Phillips et al., 2024), the
amount and size of supplied sediment (Abramian et al., 2020; Shobe et al., 2016) and wood (Gurnell et al., 2002;
Shields & Gippel, 1995), the density and composition of riparian vegetation (Gurnell, 2014; Wieting et al., 2023),
and the actions of animals (Rice, 2021). Humans also directly alter channel morphology and roughness by
reshaping the channel (Scott, 2024a; Simon, 1989) and adding or removing in‐channel elements ranging from
bridge piers (Martín‐Vide et al., 2022) to beaver‐dam analogs (Davis et al., 2021; Pollock et al., 2014).

Many natural and human‐driven changes to channels, and especially river restoration interventions, involve
altering the flow resistance of gravel‐bed rivers by changing macro‐roughness. Macro‐roughness elements in-
crease form resistance—the dissipation of energy through pressure drag as the flow interacts with roughness
elements like bedforms, boulders, wood, and changing channel cross‐section and planform shape (e.g., Kean &
Smith, 2006; Millar, 1999; Rickenmann, 2012; Wohl, 2013) (Figure 1). Form resistance, all else equal, takes up
more fluid stress as the channel boundary roughens relative to the flow depth (Bathurst, 1978; R. Ferguson, 2007;
Powell, 2014; Deal, 2022). Understanding how and how fast gravel‐bed rivers adjust to the introduction and
removal of macro‐roughness is essential to predicting river response to perturbations as diverse as landslides
(Shobe et al., 2021; S. M. Ahrendt et al., 2025) and process‐based restoration (Ciotti et al., 2021).

Macro‐roughness influences local flow and sediment transport dynamics, and in doing so can alter reach‐scale
channel geometry and planform. Macro‐roughness elements like logs, boulders, or leaky barriers effectively
constrict the channel cross‐section, causing backwater effects such as an elevated water surface and flow
deceleration upstream followed by flow acceleration as the flow passes one or more roughness elements
(e.g., Addy et al., 2025; Schalko et al., 2018; Zhang et al., 2020). Local variations in the flow field can cause zones
of erosion and deposition (Müller et al., 2022; Papanicolaou & Tsakiris, 2017; Wang et al., 2017; You &
Tinoco, 2025) even as form drag due to macro‐roughness reduces the reach‐averaged proportion of fluid stress
available to transport sediment (Alzabari et al., 2024; Canovaro et al., 2007; Rickenmann & Recking, 2011;
Schneider et al., 2015, 2016; E. Yager et al., 2007). The intensity of these variations correlates with the size and
arrangement of macro‐roughness elements as well as other variables related to flow, sediment grain size, and
channel shape (e.g., Monsalve et al., 2017; L’Hommedieu et al., 2020).

Figure 1. Examples of macro‐roughness in gravel‐bed rivers. (a) Rootwad‐attached log and (b) wood jam on the North Fork
Snoqualmie River, WA, USA. (c) Post‐assisted log restoration structure on Fish Creek, CO, USA. (d) Boulders in a reach of
the South Platte River restored following removal of a small dam. Photos by authors except D, by Erika Reiter, U.S. Forest
Service).
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Local morphodynamic responses to macro‐roughness can alter channel planform by driving bank erosion, bar
formation, floodplain reworking, and avulsion, although these effects vary widely across different channel ge-
ometry and macro‐roughness configurations (Sear et al., 2010; J. D. Phillips, 2012; Zhang & Rutherfurd, 2020;
Wohl et al., 2022; Scott, 2024b; Galia & Poledniková, 2025). Understanding how gravel‐bed river morphology
responds to macro‐roughness changes requires accounting for the effects of this complexity at the reach scale.
Field case studies of river response to changes in macro‐roughness—and particularly the installation of wood
structures—are accumulating rapidly (Addy & Wilkinson, 2016; Davis et al., 2021; Maffia et al., 2024; Pearce
et al., 2021; Scott, 2024a; Wolstenholme et al., 2024), but limited numbers of observations and widely varying
field conditions have prevented development of general theory that goes beyond the equilibrium expectations of
regime models (Eaton & Millar, 2017; Francalanci et al., 2020).

Here we ask how macro‐roughness affects gravel‐bed river geometry, and how rivers respond to changes in
macro‐roughness. We integrate hydraulic and geomorphic theory to develop a process‐based model for gravel‐
bed river evolution in the presence of macro‐roughness, and use it to investigate trajectories and timescales of
channel response to macro‐roughness changes. We apply the model to a field example to assess similarities and
differences between modeled and measured river response to changing macro‐roughness.

2. Methods
2.1. Model Dimensionality and Domain

The model evolves a cross‐section (Figure 2) representing a reach that extends many channel widths in the
upstream‐downstream direction such that flow can be assumed to be steady and uniform (E. M. Yager
et al., 2018). Channel width and depth are computed as reach‐averaged quantities. The model is therefore
0‐dimensional as it does not evolve the channel explicitly along any spatial coordinate.

2.2. Model Development

The channel is assumed to maintain a trapezoidal cross‐section (e.g., Davidson & Eaton, 2018; Lague, 2010;
Stark, 2006) as its width, depth, and local slope change. It has basal width wb, flow depth dr, and a constant bank
angle θ. Channel depth dc is the difference between a fixed floodplain elevation hfp and the freely evolving bed
elevation h. The channel bed elevation h is compared to a baselevel, or fixed elevation hbl, in the reach imme-
diately downstream to calculate local bed slope S in the reach of interest such that S =

h − hbl
L where L is the reach

length. S is conceptually the local slope that connects the roughness‐influenced reach to its fixed downslope
boundary condition and is influenced by local aggradation and incision within the roughness‐influenced reach,
rather than being the regional slope which is unaffected by local aggradation and incision.

Figure 2. Model definition sketch after Lague (2010). Two potential sources of macro‐roughness, large wood (left side) and
boulders (right side), are shown. Variables shown are: dc, channel depth; dr , flow depth; h, channel bed elevation; hfp,
floodplain elevation; θ, bank angle; lbank, bank length; lbankroughness, length of bank covered by macro‐roughness elements; wb, basal
channel width; wbed

roughness, width of the bed covered by macro‐roughness elements; z0, roughness length scale.
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2.2.1. Hydraulics

The key hydraulic assumptions are that (a) flow is steady and uniform, (b) macro‐roughness can be expressed as a
single roughness length scale that describes the average roughness state of the channel bed (see Houseago
et al. (2025) for limits to the validity of this assumption), and (c) overbank flow spreads across a wide floodplain
and does not contribute to shaping the channel. To evolve the channel reach cross‐section over time, we calculate
the effective boundary shear stress (Schneider et al., 2015):

τr = ρwgRrSr (1)

where ρw is the density of water, g is acceleration due to gravity, and the subscript r denotes—throughout this
derivation—the presence of macro‐roughness. τr, Rr, and Sr are therefore the boundary shear stress, hydraulic
radius, and energy slope (see Equation 5 below), respectively, after accounting for macro‐roughness. In the
absence of any macro‐roughness, Equation 1 is equivalent to the commonly used boundary shear stress
τ = ρwgRS where R is the hydraulic radius and S is the local bed slope.

The hydraulic radius Rr for a steady, uniform flow is geometrically related to flow depth and basal width in the
trapezoidal channel:

Rr =
(wb + dr

tan θ) dr

wb + 2 dr
sin θ

. (2)

The flow depth for any discharge Q is initially unknown, but the two are related through continuity using the
Darcy‐Weisbach flow resistance equation with friction factor fr:

Q = ArUr = (wb +
dr

tan θ
) dr

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8gRrSr
fr

√

. (3)

where Ar = (wb + dr
tan θ) dr is the flow cross‐section area andUr =

̅̅̅̅̅̅̅̅̅̅̅
8gRrSr
fr

√

is the reach‐averaged flow velocity.

The flow‐resistance term
̅̅
8
fr

√
can be found using the Variable‐Power Equation of R. Ferguson (2007), which

combines aManning‐Strickler resistance relation for deep (low roughness) flows and a roughness‐layer resistance
relation for shallow (high roughness) flows and is therefore a widely used way to approximate flow resistance
across a wide range of relative roughness conditions including very rough flows (e.g., Rickenmann, 2012;
Schneider et al., 2015, 2016; R. Ferguson & Recking, 2025):

̅̅̅
8
fr

√

=
a1a2 (Rr/z0)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a21 + a22(Rr/z0)
5/3

√ . (4)

Here a1 and a2 are constants with values of 7 and 3, respectively, found to provide the best fit to data byR. Ferguson
and Recking (2025). z0 is a hydraulic roughness length scale that incorporates the effects of both grain roughness
andmacro‐roughness elements (logs, boulders, beaver damanalogs, etc.). Rather than calculate hydraulic effects of
macro‐roughness using stress partitioning with explicit representations of roughness elements (e.g., Smith
et al., 2011) or assumed distributions of roughness element size, shape, and spacing (Kean&Smith, 2006; E. Yager
et al., 2007; Shobe et al., 2016), we take a simpler approach in which all roughness in the channel is incorporated
into the roughness length scale z0.

The energy slope of the flow in the presence of macro‐roughness is found by calculating the effective energy
slope, which is less than the local bed slope by a proportion determined by the ratio of base‐level to total friction
factor (Rickenmann, 2012; Rickenmann & Recking, 2011; Schneider et al., 2015):

Water Resources Research 10.1029/2026WR044209

SHOBE AND SCOTT 4 of 31

 19447973, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026W

R
044209, W

iley O
nline L

ibrary on [15/10/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Sr = S(

̅̅̅̅
f
fr

√

)

e

. (5)

Here f is the base‐level friction factor (sensu Rickenmann & Recking, 2011; Rickenmann, 2012) that describes
flow resistance without contributions from macro‐roughness, fr is the total friction factor that includes the effects
of macro‐roughness, and e has a value between 1.2 and 2 (Chiari & Rickenmann, 2011; Meyer‐Peter &
Müller, 1948; Nitsche et al., 2011). When f ≈ fr, effects of macro‐roughness on energy slope are negligible such
that Sr ≈ S.

The base‐level friction factor f is found by extrapolating a Manning‐Strickler resistance relation, which applies to
flows with high relative submergence Rr/z0 (low relative roughness), to flows of any relative submergence
(Rickenmann, 2012; Schneider et al., 2015):

̅̅̅
8
f

√

= a1(Rr/z0)1/6. (6)

Combining Equations 2–6 allows for an iterative solution for dr (see Appendix A for derivation):

Q = (wb +
dr
tan θ

) dr
a1a2(

(wb +
dr
tan θ) dr

wb + 2 dr
sin θ

/z0)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a21 + a22(
(wb +

dr
tan θ)dr

wb + 2 dr
sin θ

/z0)
5/3

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

g
(wb + dr

tan θ) dr

wb + 2 dr
sin θ

S

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

a2(
(wb +

dr
tan θ)dr

wb + 2 dr
sin θ

/z0)
5/6

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a21 + a22(
(wb +

dr
tan θ)dr

wb + 2 dr
sin θ

/z0)
5/3

√

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

e
√
√
√
√
√
√
√
√
√
√
√
√

, (7)

which enables calculation of the hydraulic radius Rr Equation 2, friction factor fr Equation 4, and boundary shear
stress τr Equation 1. If flow depth dr exceeds the channel depth dc (the height of the floodplain surface above the
thalweg), we assert that dr = dc (Figure 2). This assumes that any remaining discharge after filling the channel
spreads out over a wide floodplain and does not contribute to shaping the channel. The alternative would be to
route flow across the floodplain in addition to the channel, which would add significant model complexity.

2.2.2. Sediment Transport

We assume that changes in sediment volume in the channel reach result from imbalances in sediment fluxes into
(Qin

s ) and out of (Qout
s ) the reach, and also that shielding of the bed and/or banks by macro‐roughness elements

can reduce sediment flux out of the reach. The latter assumption accounts for protection of the bed and banks from
erosion where roughness elements are in contact with the channel boundary. Sediment entrainment due to flow
acceleration when roughness elements are near, but not in contact with, the boundary (i.e., scour; Zhang &
Rutherfurd, 2020) is assumed to be captured in an average sense by the bedload transport relation but cannot be
calculated explicitly because the spatial distribution of roughness elements is not modeled. Qin

s is a boundary
condition. Qout

s is calculated using the Meyer‐Peter and Müller (1948) bedload transport formula (Wickert &
Schildgen, 2019)—with corrected constants from Wong and Parker (2006)—that we have also modified to ac-
count for limited availability of mobile sediment due to shielding by macro‐roughness elements:

Qout
s =

⎧⎪⎨

⎪⎩

3.97(
ρs − ρw
ρw

)

1/2

g1/2( τ∗
r − τ∗

c)
3/2D3/2

50 wr (1 − f totc ) if τ∗
r > τ∗

c

0 if τ∗
r ≤ τ∗

c

(8)

Here ρs is the sediment grain density, D50 is the median grain diameter, τ∗
r is the Shields stress:

τ∗
r =

τr
(ρs − ρw) gD50

, (9)
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and wr is the flow width calculated using the trapezoidal channel geometry:

wr = wb + 2
dr
tan θ

. (10)

The critical Shields stress τ∗
c required to initiate sediment transport is 0.0495 (Wong & Parker, 2006). The

(1 − f totc ) term is added for this study to incorporate the effects of shielding that are likely to be present in systems
with macro‐roughness (E. Yager et al., 2007). f totc is the fraction of the channel boundary from which sediment
cannot be entrained because it is shielded by roughness elements. In general, bedload transport relations like
Equation 8 are thought to reasonably describe transport in streams with rough beds provided that the boundary
shear stress is reduced to account for macro‐roughness (e.g., E. Yager et al., 2007; Rickenmann & Recking, 2011;
Nitsche et al., 2011; Schneider et al., 2015) as we have done here.

2.2.3. Morphodynamics

To enable morphologic adjustment of both the channel bed and banks to changing macro‐roughness, we partition
the effective boundary shear stress τr between the bed and banks. The assumptions underlying this approach are
that (a) channel banks can erode whenever bedload can be entrained from the bed, and (b) banks erode in pro-
portion to the stress exerted on them. This is broadly consistent with studies showing that bank erosion is
associated with mobility of the channel bed (Nanson & Hickin, 1986) even in streams where the banks undergo
mass failure rather than scour alone (e.g., Darby et al., 2010). Stress partitioning is an important component of the
model because it ensures that there are limits to channel narrowing (which increases bank stress) and widening
(which decreases bank stress), but there is no agreed‐upon best practice for stress partitioning in alluvial rivers
(T. Li et al., 2022). We follow Lague (2010) in partitioning stresses between the bed and banks using the empirical
approach of Flintham and Carling (1988):

τbank = τr
Fw
2
(
wb
dr

sin θ + cos θ) (11)

τbed = τr (1 − Fw) (1 +
dr

wb tan θ
) (12)

where Fw is the proportion of shear force exerted on the banks, given by:

Fw = 1.766(
wb
2dr

sin θ + 1.5)
− 1.4026

. (13)

Use of this stress‐partitioning method restricts model applicability to channels with bank angle θ > 45° (Flin-
tham & Carling, 1988). The key feature of this approach, as with other empirically derived approaches we could
have used (e.g., T. Li et al., 2022), is that Fw decreases as the width/depth ratio increases and vice versa. Different
stress‐partitioning empiricisms would, with all else held equal, be unlikely to affect the general influence of
macro‐roughness on channel form, although they would affect equilibrium channel geometries and the magnitude
of responses to changes in macro‐roughness.

Equations 11 and 12 can be linked to the channel‐reach mass balance using a set of erosion rate laws. Assuming
that allQin

s aggrades on the bed and/or banks and that allQout
s is sourced from the bed and/or banks, we can write a

pair of mass conservation equations:

Qin
s
L

= Dbedwb + Dbank2lbank (14)

and

Qout
s
L

= Ebedwb + Ebank2lbank. (15)
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Here L is the length of the reach and E and D are the surface‐normal sediment erosion and deposition rates
(volume of sediment per unit surface area), respectively, on each surface. 2lbank is the total cross‐stream length of
the banks and lbank =

dc
sin θ, such that the model tracks the average position of the entire bank. Equations 14 and 15

describe a transport‐limited system in which sediment from the channel boundary is always available to be moved
if there is sufficient stress to move it.

The final constraint allowing calculation of erosion and deposition rates comes from the assumption that the ratio
of rates between the bed and banks is a function of the shear stress on each surface, a dimensionless rate constant
(k∗

dep and k
∗
ero), and the fraction of the surface not protected by macro‐roughness elements:

Dbed

Dbank
= k∗

dep
τabank (1 − f bankc )

τabed (1 − f bedc )
(16)

Ebed

Ebank
= k∗

ero
τabed (1 − f bedc )

τabank (1 − f bankc )
. (17)

Here a is an exponent set to 3/2 for consistency with the sediment transport function we employ (Meyer‐Peter &
Müller, 1948; Wong & Parker, 2006), and f bankc and f bedc are the cover fractions of the banks and bed, respectively.
Equations 16 and 17 partition deposition and erosion, respectively, between the bed and banks, allocating the gain
or loss of sediment in the reach that is determined by the divergence ofQin

s andQout
s . Equations 16 and 17 need not

be related to the form of the sediment transport function, although it is intuitive that they might be given that the
same forces entraining sediment might play a role in partitioning erosion/deposition between the bed and banks.
Equation 16 as written implies that cover of a particular surface drives deposition on that surface, which might be
reasonable if macro‐roughness elements are expected to trap sediment. Alternatively, the cover terms could be
removed from Equation 16.

The bed and bank cover fractions are geometrically related to the total cover fraction f totc :

f totc =
f bedc wb + f bankc 2lbank

2lbank + wb
, (18)

and are calculated by dividing the cross‐stream length of bed and banks covered by macro‐roughness elements
(wbed

roughness and l
bank
roughness, respectively; these are model parameters) by the cross‐stream length of the bed and banks

(wb and lbank, respectively; these freely evolve in the model):

f bedc =
wbed
roughness

wb
(19)

and

f bankc =
lbankroughness

lbank
. (20)

The cross‐sectional area blockage ratio, a commonly measured quantity in the field describing the proportion of
the channel that is obstructed by macro‐roughness elements (e.g., Gippel et al., 1996), is likely to be proportional
to wbed

roughness and l
bank
roughness for most common types of macro‐roughness.

The two dimensionless rate constants k∗
dep and k

∗
ero in Equations 16 and 17 are important model parameters. Each

constant scales the relative efficiency of deposition (erosion) between the bed and banks. Values near unity mean
that deposition (erosion) does not occur preferentially on the bed or banks, values ≫1 indicate that deposition
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(erosion) occurs preferentially on the bed, and values ≪1 mean that deposition (erosion) occurs preferentially on
the banks. The two constants probably should not have similar values; it is likely that k∗

dep ≫ k∗
ero because

deposition occurs preferentially on the bed while erosion occurs on both the bed and banks (Parker, 1978).

The erosion and deposition rates can be found by combining Equations 14–17 to solve for four unknowns (Dbed,
Dbank, Ebed, and Ebank):

Dbed =
Qin
s

L( 1
kdep∗

τabed (1 − f
bed
c )

τabank (1 − f
bank
c )

2lbank + wb)
(21)

Dbank =
Qin
s

L(k∗
dep

τabank (1 − f
bank
c )

τabed (1 − f
bed
c )

wb + 2lbank)
(22)

Ebed =
Qout
s

L( 1
kero∗

τabank (1 − f
bank
c )

τabed (1 − f
bed
c )

2lbank + wb)
(23)

Ebank =
Qout
s

L(k∗
ero

τabed (1 − f
bed
c )

τabank (1 − f
bank
c )

wb + 2lbank)
. (24)

Surface‐normal rates of surface change on the bed and banks, ∂hbed∂t and ∂hbank
∂t , respectively, arise from the balance

between erosion and deposition on each surface:

∂hbed
∂t

=
Dbed − Ebed

1 − ϕ
(25)

∂hbank
∂t

=
Dbank − Ebank

1 − ϕ
, (26)

where ϕ is the porosity of the bed and bank material.

Bed elevation and channel width are then explicitly solved forward in time to reflect erosion and/or deposition.
Bed elevation at time t + 1 is found by:

ht+1 = ht +
∂hbed
∂t

Δt, (27)

and channel depth is updated by subtracting ht+ 1 from the constant floodplain elevation hfp. Basal channel width
at time t + 1 is:

wt+1
b = wt

b + 2

⎛

⎜
⎜
⎜
⎝

−
∂hbank
∂t

sin θ
+

∂hbed
∂t

tan θ

⎞

⎟
⎟
⎟
⎠
Δt, (28)

where the two terms in the parentheses are the contributions to width change of bank and bed evolution,
respectively (Lague, 2010). Local bed slope is adjusted after each timestep by comparing the updated bed
elevation to the steady downstream baselevel at the downstream end of the reach:

St+1 =
ht+1 − hbl

L
. (29)
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2.3. Numerical Experiments

First, we explore the effects of macro‐roughness on modeled equilibrium
channel geometry and quantify trajectories and timescales of channel
response to changes in macro‐roughness (Section 2.3.1). We then apply the
model to a field case study (Section 2.3.2).

2.3.1. Exploratory Experiments

To investigate general model behavior, we explore the effects of changes in
roughness length scale (z0), bank cover ( lbankroughness), and bed cover (wbed

roughness).
We parameterize the model using values that are reasonable for gravel‐bed
rivers but not tied to any specific field site and are selected to illustrate the
range of potential model behavior (Table 1).We set the erosion and deposition
constants to k∗

ero = 1 and k∗
dep = 10, respectively, reasoning that deposition is

disproportionately focused on the bed over the banks relative to erosion.
Equilibrium conditions are defined as occurring when both width and local
slope remain within a small relative tolerance across two successive timesteps
such that |wt+ 1

b − wt
b| <= 2 × 10− 13Δt and |St+ 1 − St| <= 2 × 10− 13Δt.

We begin all simulations from the equilibrium width and slope of a baseline
low‐roughness model case defined by z0 = 0.01 m, lbankroughness = 0 m, and

wbed
roughness = 0 m, such that these experiments assess equilibrium form and transient adjustment in response to

increases in z0, lbankroughness, and wbed
roughness caused by macro‐roughness.

2.3.2. Application to a Field Example

To investigate how the model might be parameterized and applied to a natural river, we use a field case study on
the South Fork Snoqualmie River, a meandering gravel‐bed river in Washington State, USA that experiences
hydraulic roughness due to large‐wood loading (Figure 3). This is not a complete model calibration/validation
exercise sensu Barnhart et al. (2020a), but rather an initial exploration of the extent to which the model might
apply to a real system.

Our study reach, which drains approximately 212 km2, was chosen because we have repeat aerial imagery and
topobathymetric LiDAR digital elevation models (DEMs) for the period between 2019 and 2024, allowing us to
constrain many of the variables relevant to the model. The study reach is located immediately upstream from the
confluence of the South Fork with the Middle Fork Snoqualmie River, and exhibits mostly single‐thread, pool‐
riffle morphology. The study site is located approximately 2 km downstream from USGS discharge gage
#12144000 (Figure 3b) (U.S. Geological Survey, 2026). The average discharge during the 2019–2024 period was
approximately 14 m3/s; flow peaks of up to about 250 m3/s occurred during the autumn and winter seasons of
2019–2024 (Figure 3b).

We have imagery and DEMs (Figures 3c–3f) from 2019, 2020, 2022, and 2024, allowing us to estimate z0,
wbed
roughness, and l

bank
roughness. This data set also enables measurement of channel geometry, yielding width and bed

elevation data that can be used to initialize the model in 2019 and compare modeled with measured channel
geometry over subsequent surveys in 2020, 2022, and 2024. Our experiment is structured such that the 2019 data
are initial conditions. Wood‐related parameters z0, wbed

roughness, and l
bank
roughness are updated in 2020 and 2022. 2020,

2022, and 2024 morphologic data (wb and h) are not used to update the model but rather are compared against
modeled wb and h to assess model‐data misfit.

We parameterize the model, and develop a set of initial conditions, from aerial imagery and topobathymetry
(Table 2). Basal channel widthwb is measured by drawing a polygon for each survey year with fixed upstream and
downstream edges that follows the channel bank tops (this is a slight overestimation of basal width because the
channel banks are not vertical, but the difference is negligible relative to the channel width; Figures 3c–3f), then
dividing that polygon's area by the along‐channel polygon length (L = 1100.2 m, Table 2), which remained

Table 1
Parameter Values and Ranges Used for Exploratory Simulations

Parameter Value

θ 60°

e 1.5

k∗
ero 1

k∗
dep 10

z0 0.01–10 m

wbed
roughness 0–120 m

lbankroughness 0–5 m

hfp 10.6 m (initial dc = 5 m)

Q 150 m3/s

Qin
s 0.001 m3/s

D50 0.06 m

ϕ 0.3

L 1,000 m

dt 1,000 s
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constant across survey years. This yields a mean wb value along the study section. Channel bed elevation h is
measured by averaging elevation values across the channel bed at the upstream end of the study reach from each
survey year's topobathymetric DEM. Downstream baselevel bed elevation hbl is measured by averaging elevation
values across the channel bed just downstream of the study reach. Local slope is then the elevation difference
between h and hbl, divided by the reach length. The floodplain elevation hfp is found by averaging elevation
values in a polygon drawn on the floodplain; the channel depth dc is hfp − h.

We calculate a reach‐averaged value for the cross‐stream length of the bed covered by wood (wbed
roughness) by

measuring f bedc , the proportion of the study reach polygon covered with large wood, and multiplying f bedc by the
channel width wb to yield an along‐channel average wbed

roughness. We calculate the reach‐averaged cross‐stream bank

length covered by wood ( lbankroughness) by measuring the planview proportion of the banks that is overlapped by large

wood (the only dimension of bank cover we can quantify from aerial imagery) and then multiplying that

Figure 3. Case study location and site context. (a) location of the SF Snoqualmie site in Washington, USA. (b) Hydrograph
over the study period from USGS gage #12144000 at North Bend, WA. Gray lines indicate times of lidar‐derived
topobathymetry shown in (c–f). Black polygons in (c–f) show large wood traced from aerial imagery. White arrows in (f)
show areas of noticeable bank erosion associated with wood loading. The total relief in (c–f) is approximately 8 m.
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proportion by cross‐stream bank length under the assumption that, on average
along the study reach, f bankc is equal to the planview proportion of wood‐
affected banks.

There is no single well‐established procedure for deriving the roughness
length scale z0, especially given that in our study z0 reflects the influence not
just of bed topography and grain roughness but also of macro‐roughness.
Given this uncertainty, we assume that z0 is related to the standard deviation
of bed elevation σz (R. I. Ferguson et al., 2024; Chen et al., 2025), and that σz
can be affected by macro‐roughness. We derive two sets of z0 values: a lower‐
roughness and higher‐roughness set, and present results using both sets of
values. We calculate z0 as a spatially weighted average of σbasez , the roughness
length of the bed in areas without any large wood (of area Abase), and σwoodz ,
the roughness length of the bed in areas with large wood (of area Awood):

z0 =
σbasez Abase + σwoodz Awood

Atot
, (30)

where Atot = Abase + Awood. We set σbasez to 0.12 m, which is the standard
deviation of bed elevation of a representative patch of the bed measured from
our topobathymetric DEMs. Because our horizontal DEM resolution (0.9 m)
is too large to consider this value representative of grain roughness alone, it

represents the contributions to roughness of both grains (D50 = 0.03 m; Booth et al. (1991)) and bedforms, but
not large wood. We use σbasez = 0.12 m for both the lower‐ and higher‐roughness cases. Values of σwoodz carry
much more uncertainty; we consider a lower‐roughness case in which σwoodz = 0.5 m, a common value for trunk
diameter of the large wood in our study site, and a higher‐roughness case in which σwoodz = 3m, which we derived
from estimating the diameter of the largest rootwads observed in the imagery. Using these two end‐member
values for σwoodz , we calculate spatially averaged z0 values of 0.13–0.14 m for the lower‐roughness case and
0.20–0.23 m for the higher‐roughness case. We expect methods for calculating the roughness length scale from
field data to evolve as understanding continues to improve (e.g., R. I. Ferguson et al., 2024; Houseago et al., 2025;
Chen et al., 2025).

Time‐evolving volumetric sediment flux into the reach is calculated by assuming thatQin
s is a power‐law function

of Q (Lague, 2010):

Qin
s = pb ∗ kQm. (31)

Here pb is the proportion of sediment traveling as bedload which we set to 0.05, a value estimated for the South
Fork Snoqualmie River by Nelson (1971), andm is a rating exponent that we set to 2 following Lague (2010). We
set the coefficient k to 1.9 × 10− 6 s/m3 to yield bedload supply rates over the study period (range of
1,800–5,000 t/yr during 2019–2024; 3,200 t/yr average) consistent with those estimated from watershed sediment
budgets (2,600 t/yr; Reid & Dunne, 1996) and inferred from suspended‐sediment measurements (1,000–4,200
t/yr; Nelson, 1971). The Qin

s time series could be improved by replacing Equation 31 with multi‐temporal field
data or output from bedload transport models calibrated to the field area. Meaningfully different Qin

s values could
change modeled outcomes, for example, by influencing whether the channel experiences a positive or negative
sediment mass balance.

The two model parameters that cannot be reasonably estimated a priori are the dimensionless erosion and
deposition constants k∗

ero and k∗
dep, respectively. We therefore search for best‐fit values of k∗

ero and k∗
dep by

comparing modeled and measured wb values in 2020, 2022, and 2024 (the 2019 wb value serves as the model's
initial condition and so is not used to calculate misfit) using the misfit function:

Table 2
Parameter Values and Ranges Used for Field Case Study Simulations

Parameter Value

θ 60°

e 1.5

k∗
ero 0.01–10

k∗
dep 1–120

z0 0.13–0.14 m (lower‐roughness case)

0.20–0.23 m (higher‐roughness case)

wbed
roughness 1.35–1.84 m (see Section 2.3.2)

lbankroughness 0.61–0.95 m (see Section 2.3.2)

hfp 6.14 m (initial dc = 2.95 m)

Q USGS gage #12144000 hydrograph

Qin
s varies with Q (see Section 2.3.2)

D50 0.03 m

ϕ 0.3

L 1,100.2 m

dt 100 s
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μ =
1
N

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
N

i=1

(wobs
b − wsim

b )
2

δ2

√
√
√

(32)

where μ is total misfit, N = 3 observations (2020, 2022, and 2024 surveys), wobs
b is the observed width from each

survey,wsim
b is the simulated width at the time of each survey, and δ = 2.5 m is a rough estimate of the uncertainty

on our width measurements. We use the differential evolution optimization algorithm (Storn & Price, 1997) to
find the values of k∗

ero and k
∗
dep that minimize misfit between modeled and measured channel width. Table 2 gives

the ranges of k∗
ero and k

∗
dep over which we searched for best‐fit values.

3. Results
3.1. Macro‐Roughness Effects on Equilibrium Channel Geometry

Macro‐roughness elements have three possible effects in our model: they increase the hydraulic roughness length
scale z0, the width of the bed protected from flow stress wbed

roughness, and the cross‐stream length of the banks

protected from flow stress lbankroughness. Here we show how modeled channels respond to these three effects, and how
variations in the erosion and deposition coefficients k∗

ero and k
∗
dep, respectively, influence results.

3.1.1. Influence of Increasing Roughness

Roughening the channel enlarges the equilibrium cross‐section (Figure 4), increasing the basal channel width
(Figure 4a) and flow depth (Figure 4b) in concert such that the ratio of basal width to depth remains nearly
constant. Local bed slope, which is directly coupled to bed aggradation/incision and represents the drop along the
thalweg from the modeled reach to its downstream baselevel, declines only very slightly as z0 increases from 0.01
to 0.3 m, followed by an increase with z0 for z0 > 0.3 m (Figure 4c; squares). Effective energy slope, which
incorporates the loss of transport capacity due to macro‐roughness, declines monotonically with increasing
roughness (Figure 4c; triangles). Equilibrium bank and bed shear stresses remain nearly constant across the range
of z0 (Figure 4d). The ratio of friction factors fr/ f , a measure of the friction added by macro‐roughness, remains
near 1 for z0 < 0.1 m, then increases with z0 for z0 > 0.1 m (Figure 4e). Our exploration of the roughness
parameter space spans relative submergence (Rr/ z0) values from 0.34 to 88.6 (Figure 4f), covering almost the
entire range of conditions captured by hydraulic data sets (e.g., Deal, 2022; R. Ferguson & Recking, 2025).

Interactions among roughness, channel geometry, and overbank flow give rise to three regimes of behavior
labeled in Figure 4a. In the widening‐dominated regime observed at low relative roughness (z0 < 0.4 m;
Rr/z0 > 4), roughening increases channel width (Figure 4a) without much affecting bed elevation and therefore
local slope (Figures 4b and 4c, respectively). This regime is associated with fr/ f ratios close to 1 (Figure 4e).
Moderate relative roughness (0.4 < z0 < 2 m; 4 > Rr/z0 > 1) causes the channel to enter the widening/
steepening regime, defined by coupled increases in width, bed elevation/local slope, and fr/ f . The widening/
steepening regime encompasses all z0 > 0.4 m (and all Rr/ z0 < 1) in Figure 4 when the channel banks are
assumed to be high enough to contain all flow (i.e., flow cannot go overbank; translucent markers in Figure 4).

When we relax the assumption that the channel's bankfull depth is much greater than the maximum flow depth
(i.e., when the channel depth dc is less than the maximum flow depth), we find that overbank flow driven by high
roughness (z0 > 2 m and Rr/ z0 < 1 in Figure 4) can cause runaway channel filling. There is no equilibrium
channel geometry in the filling regime. The translucent markers in Figure 4 indicate equilibrium conditions that
would be achieved in the absence of overbank flow; these would be characteristic of the widening/steepening
regime.

Regime boundaries are not fixed at the specific z0 or Rr/ z0 values at which they occur in Figure 4; rather, they are
set by interactions among roughness, floodplain elevation, discharge, incoming sediment flux, and initial channel
geometry. For example, shallower channels—those that have floodplains not much higher than their beds—enter
the filling regime at lower values of z0 than deeper channels do.
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3.1.2. Influence of Increasing Bed and Bank Cover

Increasing bed cover, all else held equal, drives channel widening (Figure 5a), bed aggradation and flow shal-
lowing (Figure 5b), and increases in both the local bed slope and energy slope (Figure 5c). Bed shear stress
remains constant as the bed cover fraction increases; the increased bed cover is accommodated by large decreases
in bank shear stress as the channel widens (Figure 5d). The friction factor ratio increases slightly (Figure 5e) and
relative submergence decreases slightly (Figure 5f) as channel widening causes the flow to become shallower
while z0 remains fixed.

Increasing bank cover causes morphologic responses that are opposite to those caused by increasing bed cover.
The channel narrows (Figure 6a), the flow deepens and the bed incises (Figure 6b), and both the local bed slope
and energy slope decline (Figure 6c). As in the experiments that increased bed cover, bank shear stress shows a
much stronger response than bed shear stress (Figure 6d). Bed shear stress declines very slightly with bank cover
for values 0 < f bankc < 0.6, and then more strongly for f bankc > 0.6, while bank shear stress increases strongly

Figure 4. Influence of roughness length z0 on equilibrium channel width (a), flow depth and bed elevation (b), bed and energy
slope (c), bed and bank shear stress (d), friction factor (e), and relative submergence (f) with all other parameters held
constant. In (a–d), quantities are normalized to their values in the low‐roughness end‐member (z0 = 0.01 m). Gray dashed
lines show values of 1. To illustrate the effects of macro‐roughness alone, the bed cover terms wbed

roughness and l
bank
roughness are set to

0 here. Translucent points (the filling regime) represent equilibrium values that the model would achieve in the absence of
overbank flow and resulting channel filling.
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with bank cover fraction as the channel narrows. The friction factor ratio decreases slightly (Figure 5e) and
relative submergence increases slightly (Figure 5f) as channel narrowing deepens the flow while z0 remains fixed.

3.1.3. Model Sensitivity to Erosion and Deposition Parameters

To test sensitivity of equilibrium channel geometry to the relative efficiency of bed versus bank erosion (k∗
ero) and

deposition (k∗
dep), we run 400 simulations on a 20 × 20 grid defined by 0.1 ≤ k∗

ero ≤ 5 and 10 ≤ k∗
dep ≤ 100.

These ranges are chosen to illustrate trends in model sensitivity, and result in a wide range of equilibrium
geometries.

Equilibriummodel outcomes are sensitive to the ratio k∗
dep/ k

∗
ero (Figure 7). White dotted lines on Figure 7 illustrate

that any given modeled quantity is constant along a line that defines a fixed k∗
dep/ k

∗
ero ratio. Deviations from a

given k∗
dep/ k

∗
ero ratio, by changing either k∗

ero or k
∗
dep, drive reasonably intuitive modeled responses. With all else

equal, equilibrium channels become narrower, deeper, and less steep as k∗
ero increases and drives preferential

Figure 5. Influence of bed cover on equilibrium channel width (a), flow depth and bed elevation (b), local bed and energy
slope (c), bed and bank shear stress (d), friction factor (e), and relative submergence (f) with all other parameters held
constant. In (a–d), quantities are normalized to their values in the no‐bed‐cover end‐member ( f bedc = 0). Gray dashed lines
show values of 1. The roughness length z0 is set to 0.1 m for all simulations in this figure to show the effects of cover in a
relatively rough flow; in nature z0 and f bedc might co‐vary. Translucent points represent equilibrium values that the model would
achieve in the absence of overbank flow and resulting channel filling. X‐axis values reflect bed cover at equilibrium.
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erosion of the bed relative to the banks (Figures 7a–7c). Deepening and narrowing cause increases in bank shear
stress (Figure 7d), decreases in fr/ f (Figure 7e), and increases in relative submergence (Figure 7f). Increases in
k∗
dep drive channels to widen, shallow, and steepen (Figures 7a–7c) as deposition preferentially occurs on the bed
relative to the banks. Widening and shallowing cause reductions in equilibrium bank shear stress (Figure 7d),
increases in fr/ f (Figure 7e), and decreases in relative submergence (Figure 7f). The model is more likely to enter
the filling regime at low k∗

ero and high k∗
dep when bed aggradation is most favored (white shaded region in

Figure 7). The onset of the filling regime is not fixed at these k∗
ero and k∗

dep values but changes with modeled
conditions. The filling regime region on Figure 7 expands (contracts) when z0 or Qin

s is greater (smaller). For
example, the field application (Section 3.3) shows that a high k∗

dep/ k
∗
ero need not cause filling if Qin

s is suffi-
ciently low.

Figure 6. Influence of bank cover on equilibrium channel width (a), flow depth and bed elevation (b), local bed and energy
slope (c), bed and bank shear stress (d), friction factor (e), and relative submergence (f) with all other parameters held
constant. In (a–d), quantities are normalized to their values in the no‐bank‐cover end‐member ( f bankc = 0). Gray dashed lines
show values of 1. The roughness length z0 is set to 0.1 m for all simulations in this figure to show the effects of cover in a
relatively rough flow; in nature z0 and f bankc might co‐vary. X‐axis values reflect bank cover at equilibrium.
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3.2. Transient Channel Response to Macro‐Roughness Increases

We assess the response to macro‐roughness increases over three timescales: 0.1% of the longest equilibrium
timescale, which corresponds to the months immediately following a change in macro‐roughness (Figures 8a, 8d,
8g, 8j, and 8m), 10% of the longest equilibrium timescale, corresponding to the 1–10 years durations over which
river restoration monitoring typically occurs (e.g., Maffia et al., 2024) (Figures 8b, 8e, 8h, 8k, and 8n), and 100%
of the longest equilibrium timescale, which corresponds to decades to centuries (Figures 8c, 8f, 8i, 8l, and 8o).
Timescales are normalized to emphasize comparison among different roughness scenarios rather than exact
values. Dashed lines in Figure 8 show trajectories that channels would have experienced had they not entered the
filling regime as a result of overbank flow.

Short‐term (months) responses to roughening can be nonmonotonic and/or nonlinear as a function of both time
and the scale of the roughness perturbation (Figures 8a, 8d, and 8g). For small roughness increases, there are near‐
immediate, very minor decreases in basal width followed by longer‐lasting and greater increases in width over
time (Figure 8a). As the roughness perturbation increases (and in the absence of overbank flow that would force
channels into the filling regime; dashed lines in Figure 8), channels cease to experience the brief initial narrowing
phase and simply increase their width over time. Channels experience abrupt depth increases that scale with the
macro‐roughness addition (Figure 8d). Most roughness perturbations cause initial reductions in local slope due to

Figure 7. Model sensitivity to the erosion and deposition constants k∗
ero and k

∗
dep with z0 = 0.1 m. Contours are defined by a

grid of 400 simulations with logarithmically spaced values along both axes. In (a–d), quantities are normalized to their values
in the low‐roughness end‐member (z0 = 0.01 m). White dotted lines, labeled with white numbers in (a), define constant
k∗
dep/ k

∗
ero ratios. Translucent white region shows combinations of k∗

ero and k
∗
dep that, under this model parameterization, cause the

channel to enter the filling regime.
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bed incision followed by slower, longer lasting slope increases driven by bed aggradation (Figure 8g). Under large
enough roughness perturbations, there is no initial decline in slope.

Medium‐ and long‐term (years to decades and decades to centuries, respectively) responses to roughness are
monotonic with time and with the scale of the roughness perturbation (Figures 8b, 8c, 8e, 8h, 8f, and 8i). After the
initial short‐term changes in response direction (Figures 8a, 8d, and 8g), channels experience continuous basal

Figure 8. Time series of channel response to an increase in roughness length z0 from an equilibrium adjusted to z0 = 0.01 m. Each column shows a different time
duration. Time is normalized to the longest equilibrium timescale; normalized time is therefore the fraction of the longest equilibrium timescale. Points in the right‐hand
column show equilibrium adjustment timescales. Dashed lines indicate simulations in which roughness drives flow overbank (see Figure 4); lines show dynamics that
would occur in the absence of overbank flow and channel filling.
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widening, flow shallowing, and bed slope steepening. All three of these responses slow over time as the system
approaches equilibrium. Ignoring the potential for overbank flow to shift channels into the filling regime, me-
dium‐ and long‐term channel evolution trajectories are self‐similar across the full range of roughness perturba-
tions tested (i.e., solid and dashed lines in Figures 8b, 8c, 8e, 8f, 8h, and 8i have the same characteristic shapes
over 0.1%–100% of the maximum equilibrium time scale). Normalized local slopes cross from below 1 (the pre‐
roughening value) to above 1 over the medium term in some scenarios (Figure 8h).

The morphologic responses described above are coupled to temporal changes in bed and bank shear stress. Bed
shear stress undergoes an initial perturbation in response to roughening (Figure 8j), the direction and magnitude of
which are controlled by the magnitude of roughening. For increases in roughness where z0 ≤ 2.5 m, normalized
bed shear stresses increase above 1 before rapidly dropping to values slightly below 1 (Figure 8j) and then slowly
recovering toward 1 (Figures 8k and 8l). For greater increases in roughness (z0 ≥ 5 m), normalized bed shear
stress does not initially exceed 1 (Figure 8j). The greatest roughness value tested (z0 = 10 m) causes the biggest
initial drop in normalized bed shear stress followed by a gradual increase toward 1.

Normalized bank shear stress increases above 1 in initial response to roughening (Figure 8m). For all roughness
values investigated, normalized bank shear stress spikes before beginning a long decline toward 1
(Figures 8m–8o). The initial spike in bank shear stress for the highest roughness value tested (z0 = 10 m; dashed
yellow line) has a different form from the others in that the peak in bank shear stress arrives later and the initial
increase is not as great as for lower‐roughness experiments (Figure 8m); this delayed increase in bank stress is
what allows some lower‐roughness experiments to widen more rapidly than the z0 = 10 m channel in the very
early phases of response (Figure 8a). The general pattern of an initial rapid increase in normalized bank shear
stress followed by a long gradual decline toward on is common to all roughness increases.

Channel response timescales (i.e., time to reach equilibrium; points in Figure 8) vary systematically with the
magnitude of the roughness perturbation. The greater the roughness increase, the longer the channel takes to
respond, except in the filled regime where the channel is rapidly erased by aggradation (not shown on Figure 8).

3.3. Application to the Field Example

To show how the model might be applied to natural systems, we parameterize the model with field data from the
SF Snoqualmie River (Section 2.3.2). We compare modeled versus measured channel width from 2020, 2022, and
2024 to find best‐fit values for k∗

ero and k∗
dep and explore the results of the best‐fit model simulations for both

lower‐roughness (Figures 9a, 9c, 9e, and 9g) and higher‐roughness (Figures 9b, 9d, 9f, and 9h) cases.

In the lower‐roughness case, best‐fit values for k∗
ero, the relative efficiency of bed versus bank erosion, and k∗

dep,
the relative efficiency of bed versus bank deposition, are 0.1 and 102.8, respectively (Figure 9c), for a k∗

dep/ k
∗
ero

ratio of 1,028. In the higher‐roughness case, the best‐fit k∗
ero is 0.12 and the best‐fit k∗

dep is 59.8 (Figure 9d), for a
k∗
dep/ k

∗
ero ratio of 498. These high k∗

dep/ k
∗
ero ratios do not drive channel filling (Figures 9g and 9h), likely because

Qin
s at the field site is approximately an order of magnitude lower than in our exploratory simulations (Figure 7).

The structure of the misfit surface is similar between the two experiments. The vertical band of low misfit il-
lustrates that, in this case, k∗

ero has a much narrower range of reasonable values than k∗
dep does, and that best‐fit

k∗
dep/ k

∗
ero may vary widely without dramatically changing model‐data misfit because of the wide range of

good‐fitting k∗
dep.

Running the model with the best‐fit values from each optimization and all other parameters as reported in
Section 2.3.2 and Table 2, the model achieves parameterizations that allow it to match the observed time series of
channel widths (Figures 9e and 9f). There are two notable increases in modeled width: one in the winter of
2019–2020 and one in the winter of 2021–2022. These pulses correspond to groups of high flow events in the
discharge time series (Figure 3b).

Comparisons between modeled and observed channel bed elevation reveal that the model, under best‐fit pa-
rameterizations found solely through comparison between modeled and observed channel width, generally
underpredicts channel bed elevation (Figures 9g and 9h). Modeled bed elevations decline very slightly over the
study period. Measured bed elevations exhibit no systematic change over time but vary by up to 0.5 m between
observations.
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4. Discussion
4.1. How Does Adding Macro‐Roughness Affect Gravel‐Bed River Shape and Evolution?

Here we explain the process dynamics by which modeled channels adjust to the addition of macro‐roughness.
Model results show patterns generally in line with theoretical expectations and regime models, some field evi-
dence, and experimental results for how macro‐roughness might affect channel geometry (Eaton & Millar, 2017;
Francalanci et al., 2020; Inoue et al., 2025). The diversity of responses to roughening in nature is such that there
are also field examples that potentially contradict our model predictions. For example, channels can narrow over

Figure 9. Results from fitting the model to a case study of the SF Snoqualmie River for the low‐roughness (a, c, e, g) and high‐roughness (b, d, f, h) cases. (a and b) time
series of estimates for z0, lbedroughness, and l

bank
roughness derived from aerial imagery and topobathymetric LiDAR. (c and d) Best‐fit values for k∗

ero and k
∗
dep found by minimizing

the misfit between modeled and measured channel widths. (e and f) Comparison between modeled and observed channel widths for each best‐fit simulation. (g and h)
Comparison between modeled and observed channel bed elevation for each best‐fit simulation. Error bars for wb and h are ±2.5 m and ±0.5 m, respectively, reflecting
estimated uncertainty arising from measurement of each quantity from LiDAR data.
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decadal timescales in response to wood loading (Pess et al., 2023), and some streams show little consistent change
in response to roughening (Maffia et al., 2024).

4.1.1. Processes Governing Channel Response to Added Roughness

Modeled macro‐roughness influences on equilibrium channel geometry vary depending on the magnitude of the
roughness forcing as the channel adjusts to maintain constant bank and bed shear stresses (Figure 4d). Modest
increases in roughness drive widening‐dominated channel responses in which the banks, rather than the bed,
experience morphologic change to accommodate roughening (Figure 4a). The initial increase in depth caused by
increased flow resistance (Figures 8d–8f) predominantly contributes to widening rather than bed elevation change
because, under our stress‐partitioning scheme (Flintham & Carling, 1988), bank shear stress is more sensitive to
changes in the width/depth ratio for most channel shapes than bed shear stress is. Figure 8m shows that changes in
normalized bank shear stress for a given roughness value are greater than changes in bed shear stress. Minor
roughening decreases the width/depth ratio, which initially increases the bank shear stress relatively more than it
does the bed shear stress. The channel widens to the point at which the bank and bed shear stresses are the same as
they were without the additional roughness (Figure 4d) while undergoing very minor bed incision and local slope
reduction (Figure 4c). Increased channel width compensates for the reductions in transport capacity imposed by
increased macro‐roughness and enables sediment to be transported out of the reach at the rate at which it is
supplied (Figure 4). The widening response is consistent with field and experimental evidence in cases where in‐
channel bars are the primary source of macro‐roughness (Inoue et al., 2025).

Greater increases in roughness drive a coupled widening and steepening response (Figure 4) due to differential
effects of roughening on bed and bank shear stresses caused by increased flow depth and reduced energy slope.
Reductions in energy slope would reduce both bed and bank shear stress, but increases in flow depth
(Figures 8d–8f) preferentially increase the proportion of shear stress taken up by the banks. Significant rough-
ening therefore causes reduced (after a brief spike for lower roughness values that is accommodated by bed
incision; Figure 8g) bed shear stress (Figure 8j) coupled with increased bank shear stress (Figure 8m). The
combination of reduced bed stress and increased bank stress drives widening that reduces bank shear stress over
time and aggradation that increases bed shear stress over time until both stresses return to baseline values
(Figures 8k, 8l, 8n, and 8o). Both a wider channel and increased local slope (via bed aggradation) are required to
enable equilibrium sediment transport conditions in the presence of roughness that meaningfully reduces the
effective energy slope through increased flow resistance. Aggradation‐driven steepening in response to rough-
ening is consistent with some field observations (Addy et al., 2025).

The widening‐dominated and widening/steepening regimes are observed when flow cannot go overbank. This
case is not as unrealistic as it might seem. Confined channels—those located in deep, narrow valleys—do not
experience a cap on flow depth as flows go above bankfull because the floodplain may only be slightly wider than
the channel. Channels that have experienced direct (e.g., dredging or levee construction) or indirect (e.g., land‐
use/land‐cover change) human impacts could be sufficiently disconnected from their floodplain that they rarely or
never send flow overbank (Simon, 1989). For example, Knox et al. (2022) identify the Mississippi River basin as
a hotspot of channels that are disconnected from their floodplains due to levee construction. Deeply incised
channels are often targets for restoration, including using methods that increase macro‐roughness (Wheaton
et al., 2019).

When roughening is sufficient to immediately drive flow overbank, there is no equilibrium channel geometry in
the model and the channel fills with sediment. This occurs because the channel aggrades faster than it can widen.
The loss of flow overbank prevents flow deepening and therefore eliminates the positive dependence of bank
shear stress on roughness. With some flow going overbank there is no mechanism for bank stress to undergo an
initial increase that would widen the channel, and bed stress is low enough to allow aggradation. Without the
ability to widen while aggrading, the channel progressively loses water conveyance capacity due to bed aggra-
dation and sends more flow overbank. Conceptually, the filled regime represents the kind of channel infilling that
might contribute to avulsion (Brummer et al., 2006), and is plausible in rivers with floodplains that can store most
or all overbank flow. However, the dominance of the filling regime at all very high roughness conditions is likely
due to simplifying model assumptions (especially the lack of any contribution by overbank flow to erosive
stresses) and so is better treated as a conceptual end‐member than a probable outcome.
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Our experiments assessing time‐evolving river response to a step increase in roughness suggest that morphologic
responses vary considerably depending on the roughness forcing and the time since the step change in roughness.
The complexity exhibited by modeled trajectories is important because it implies that some morphologic re-
sponses to roughening may be non‐monotonic functions of forcing magnitude and/or time. Even our simple
experiments with steady water discharge and sediment supply suggest that inferred direction and magnitude of
channel adjustment can vary based on (a) the magnitude of the macro‐roughness change and (b) when, relative to
the timing of changes in macro‐roughness, measurements of channel response are made. For example, Figures 8g
and 8h show that slope trajectories can transition from below to above their pre‐roughening value over time. One
common issue with field studies of channel response to roughening is that monitoring can be done frequently
(e.g., Flannery et al., 2017) or can cover a long time period (e.g., Pess et al., 2023), but typically not both. Modeled
response trajectories might help elucidate the relative impacts of sub‐annual and decadal changes and help
distinguish ephemeral from persistent responses to roughening.

4.1.2. Processes Governing Channel Response to Added Bed or Bank Cover

Macro‐roughness elements influence channel form not only by imposing hydraulic roughness but also by
shielding the bed and/or banks from erosive stresses. Increased bed cover requires channel widening and
steepening to enable sediment transport out of the reach at the rate of supply (Figure 5). This results in equilibrium
bank stress that declines with increases in bed cover because stress partitioning depends primarily on the width/
depth ratio, so bank stress declines in wider channels. Increased bank cover causes narrowing and reductions in
local slope because the bed provides a more readily available sediment source than the banks do, so the channel
narrows and incises to achieve an equilibrium form (Figure 6). Equilibrium bank shear stress increases as the
channel narrows.

It is interesting that bank shear stress, rather than bed shear stress, is the quantity that responds to both bed cover
(Figure 5) and bank cover (Figure 6) while bed shear stress stays mostly constant. This occurs because in the
Flintham and Carling (1988) stress partitioning approach, at width/depth ratios realistic for gravel‐bed rivers, bed
stress does not vary much with width/depth ratio while bank stress does. This makes bank stress the more sensitive
variable to changes in anything that affects the flow geometry and channel shape (roughness, bed cover, bank
cover, etc.).

The effects of cover are more complex in nature than in our analysis because bed and bank cover vary over time,
co‐vary with each other, and co‐vary with z0. Our case study shows an example of this: because our calculation
method for z0 depends explicitly on the area of the bed covered by wood, bed cover and z0 are more closely tied to
one another than they are to bank cover (Figures 9a and 9b). This need not always be the case, and might vary
based on the source of macro‐roughness. Some river management interventions, for example, increase macro‐
roughness while purposefully and preferentially shielding the banks (Addy & Wilkinson, 2016).

4.2. Macro‐Roughness Effects in Modeled Versus Real Rivers

Our model underestimates the complexity of potential channel responses to added macro‐roughness because it
contains major simplifications both in terms of model structure and process representations.

The reach‐averaged geomorphic model with width‐ and depth‐averaged hydraulics neglects spatial variations in
flow velocity and shear stress due to nonuniform flow, as well as longitudinal and cross‐stream variability in
erosion and deposition rates. The model is therefore best thought of as representing a reach with elevated
roughness values rather than a single logjam, boulder, or in‐stream structure. Results show general consistency, in
terms of roughness‐driven modification of reach‐averaged friction factors, with ranges from field‐ and flume‐
based studies (Figure 4e) (Shields & Gippel, 1995; Wilcox & Wohl, 2006; R. Ferguson, 2007; Follett &
Wohl, 2024). The model cannot, however, develop high‐velocity near‐bank flow driven by the presence of
roughness elements (e.g., Zhang et al., 2019; Zhang et al., 2020) or flow structures generated by channel curvature
(Wu et al., 2005). These limitations are likely to make themselves felt most strongly at low relative submergence
conditions (Rr/ z0 < 10− 1). Nor can the reach‐averaged model represent localized erosion or deposition asso-
ciated with roughness elements (e.g., Addy et al., 2025; Papanicolaou & Tsakiris, 2017). The binary nature of bed
and bank cover in our model, in which any given length of the bed/bank is either covered or not covered, may best
apply to boulder‐mantled beds or those covered by large, dense accumulations of wood. Progress on how different
types and arrangements of macro‐roughness do or do not protect the channel margin from hydraulic stresses
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(e.g., Zhang et al., 2019) might improve our modeling approach. Our method for incorporating macro‐roughness
effects on bedload transport relies heavily on studies in steep mountain streams (e.g., E. Yager et al., 2007;
Schneider et al., 2016) and could be improved by future work on lower‐gradient gravel‐bed rivers with significant
roughness.

The model uses only a simplistic treatment of channel bank erosion processes, assuming that any flow that can
transport bedload has the potential to erode the banks if the bank sediment mass balance allows. Although this
assumption is reasonable in a long‐term average sense (Darby et al., 2010; Nanson &Hickin, 1986) because of the
connection between bed mobilization and bank toe undermining, it is a crude abstraction of bank erosion pro-
cesses. Bank erosion is a stochastic process influenced by vegetation that might stabilize banks (Simon & Col-
lison, 2002), fluvial or seepage‐driven erosion that undercuts bank toes (Cancienne et al., 2008), soil saturation
that primes banks for mass failure (Rinaldi & Nardi, 2013), and flow sequencing and magnitude (Davidson &
Eaton, 2018). Incorporating these processes would likely not affect the general trajectories we present, but might
superimpose phases of both widening and narrowing onto those trajectories and change predicted channel
response timescales. See Z. Li et al. (2025) for a review of more detailed bank erosion modeling approaches.

To preserve the generality of our approach to different types of roughness elements (wood, boulders, restoration
structures, etc.), we neglect processes that might change the roughness length scale and bed/bank cover over time.
In natural rivers, there exist two‐way feedbacks between channel morphology and roughness. For example,
channels can self‐adjust roughness through changes to the grain size distribution (e.g., Langendoen &
Alonso, 2008) or the development of bedforms (Inoue et al., 2025). In mountain rivers, bed incision can trigger
delivery of large boulders by undercutting adjacent hillslopes (Golly et al., 2017; Shobe et al., 2016). Wood loads
in rivers vary due to spatiotemporal changes in wood recruitment, which can be driven by channel widening,
avulsion, or lateral migration (e.g., Comiti et al., 2016), as well as changes in wood transport, which also depends
on channel geometry (Ruiz‐Villanueva et al., 2016). In‐stream structures commonly installed as part of low‐tech,
process‐based restoration efforts are intentionally impermanent and may persist for less time than our modeling
suggests might be required for channel form to equilibrate to their presence (Shahverdian et al., 2019).

There is considerable uncertainty in how this model, or others using similar process representations, should be
parameterized with field data. There is no standard method for calculating the roughness length scale z0, the extent
to which such a calculation should focus on grain‐scale versus bedform‐scale roughness is unclear (R. I. Ferguson
et al., 2024), and any single length scale may be insufficient to describe roughness variability in natural rivers
(Houseago et al., 2025). The standard deviation of bed elevation has recently been suggested as the best‐
performing single descriptor of roughness when applying the VPE (Chen et al., 2025). We used an ad hoc
methodology that is not inconsistent with current guidance (R. I. Ferguson et al., 2024; Chen et al., 2025), but
expect that ongoing work may reveal improved methods for incorporating field data into simplified models.

The constants that proportion erosion and deposition between the bed and banks (k∗
ero and k∗

dep, respectively)
control modeled channel response to roughening (Figure 7); end‐member values can cause channels to attain
equilibrium forms that are improbable. Equilibrium channel morphology varies monotonically as a function of the
k∗
dep/ k

∗
ero ratio, yielding a wide range of channel morphologies and indicating that it would be important to es-

timate k∗
dep/ k

∗
ero at minimum for any field application. Reasonable ranges for the k∗

dep/ k
∗
ero ratio are likely site‐

dependent as shown by the convergence on values in the field application (Figure 9) that, in exploratory simu-
lations with greaterQin

s , result in channel filling (Figure 7). k
∗
dep/ k

∗
ero ratios might be interpretable from knowledge

of sediment and channel properties. For example, preferential exposure of bedrock, coarse sediment, and/or very
cohesive sediment in the bed (banks) might increase (reduce) k∗

dep/ k
∗
ero. Values may also vary over time, if for

example, bank stratigraphy of varying erodibility is exposed as a channel incises. For investigations focused on
transient behavior, including our field example, the individual values of k∗

ero and k
∗
dep might also matter because

the system may be net‐erosional or net‐depositional. Rate constants like these are difficult to infer for natural
systems (e.g., Barnhart et al., 2020b); k∗

ero and k
∗
dep might best be inferred inversely by using the model to match

time series of observed channel morphology as we do in our field case study (Figure 9).

Our case study of the SF Snoqualmie River shows how the model can potentially be parameterized to represent a
natural system. Given the ability to search for best‐fit erosion and deposition constants, a parameterization can be
found that is consistent with observations. Reach‐averaged roughness variations and geomorphic change
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observed in the SF Snoqualmie over the study period are minor relative to the uncertainties on our DEM‐based
measurements, making our case study better understood as an example of how to parameterize the model than a
demonstration of its ability to capture the dynamics of real systems. Other data such as rating curve records
(e.g., Pfeiffer et al., 2019) could improve measurement uncertainty and therefore ability to assess model behavior.
Future comparison against channels with more dramatic changes in roughness and morphology might better
illustrate model capabilities and limitations. Misfit in our case study is very sensitive to the value of the erosion
constant k∗

ero, indicating that the value of k∗
ero is an important control on channel‐width change in this system

(Figures 9c and 9d). Misfit is much less sensitive to k∗
dep. This difference likely arises from a combination of net

widening over the study period and the misfit function's exclusive dependence on width. The relative importance
of k∗

ero and k
∗
dep might be reversed in rivers experiencing, for example, transient channel narrowing.

4.3. Implications for River Restoration

This paper is motivated in part by the apparent necessity of adding macro‐roughness elements like wood and
boulders to achieve river restoration goals such as facilitating channel‐floodplain connectivity, side channel
formation and maintenance, and bed aggradation (Addy et al., 2025; Beechie et al., 2010; Hall et al., 2018; Polvi
et al., 2014; Wheaton et al., 2019). Many restoration efforts are attempting to return to rivers roughness that was
lost due to logging, in‐channel wood removal, and channel modification to enable timber floating (Polvi
et al., 2014; Wohl, 2014). Especially in novel riverine ecosystems created by large‐scale disturbance (e.g., stand‐
killing wildfire) in the context of climate change, morphodynamic response can be conditional on macro‐
roughness (Wohl et al., 2024), and models of transient channel response could be useful in conceptualizing
the potential adjustment space.

We observe complex responses to roughening that might be of interest to managers planning restoration efforts.
For example, channel width and bed elevation have differing responses to minor roughening (increases in width,
very slight bed incision) but consistent responses to major roughening (large increases in width and bed eleva-
tion). Although widening is a common response to roughening, if it is not coupled with sufficient aggradation, it
could lead to expansion of an incised channel rather than re‐occupation of the floodplain (Simon, 1989). Models
like the one presented here could be used to explore the relative potential for widening versus aggradation in
response to restoration interventions—and how those responses depend on other key variables—filling a gap
between high‐complexity hydraulic models and equilibrium regime models (Eaton & Millar, 2017), especially in
data‐poor settings.

Any potential use of models in developing expectations for river response to roughening would require managing
their manifold simplifications such as, in this case, the lack of roughness change over time, restriction to a single
channel with simplified hydraulics, assumption of uniform bed and bank composition, lack of biotic effects and
feedbacks as channels evolve, and rate parameters that may prove difficult to connect with natural systems. Use of
simplified models like this one would be enhanced by finding complementary lines of evidence, potentially from
the outcomes of past restoration efforts, to validate model predictions.

Although this study applies only to single‐thread channels, it represents a step toward understanding macro‐
roughness effects on bifurcated, multi‐channel gravel‐bed rivers whose dynamics commonly depend on the
spatial distribution of macro‐roughness (J. D. Phillips, 2012; Marshall & Wohl, 2023). Bifurcations and side
channels are increasingly being used even in urban river restoration to drive floodplain reconnection, habitat
diversification, and risk reduction (Stefankiv et al., 2019), and macro‐roughness represents a key design
parameter used to regulate side channel behavior. Expanding this modeling approach to multi‐channel systems
might enhance understanding of how macro‐roughness influences processes of avulsion and side‐channel
evolution.

5. Conclusions
A wide array of natural processes and human impacts can alter macro‐roughness in gravel‐bed rivers, potentially
influencing water conveyance and flood hazards, the quality of aquatic habitat, and long‐term landscape change.
We asked how channels respond to abrupt increases in macro‐roughness as might occur due to landslide boulder
delivery, increases in wood supply, or restoration efforts, both in terms of their equilibrium geometry and
transient response trajectories. We developed a reach‐averaged model for the evolution of channel geometry over
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time in the presence of macro‐roughness. We then parameterized the model to approximate a wood‐rich reach of
the SF Snoqualmie River.

Equilibrium simulations reveal three regimes of behavior as roughness increases: one in which modest macro‐
roughness is predominantly accommodated via bank erosion and widening, one in which greater roughness is
accommodated by coeval widening and aggradation/steepening, and one in which overbank flow triggers rapid
aggradation that fills the channel. Equilibrium channel morphologies are not always monotonic functions of
roughness, but depend on how roughness affects bed and bank shear stress partitioning. Time series of responses
to roughening show that the direction, magnitude, and timing of roughness‐driven changes to channel
morphology vary as a function of the roughness forcing and of time. The field application suggests that although
the model abstracts natural processes in many ways, it can achieve parameterizations under which it evolves
similarly to a natural gravel‐bed river with macro‐roughness elements.

Gravel‐bed river responses to roughening can be complex and contingent on factors ranging from the relative
erodibility of the bed and banks to the discharge distribution to the pre‐existing channel geometry. Insights from
simplified, process‐based modeling may elucidate the mechanisms driving channel response to macro‐roughness
changes that arise both naturally and through human intervention. Understanding derived from this and other
models might help envision potential outcomes of restoration efforts across diverse geomorphic settings and aid
in planning post‐restoration monitoring programs.

Appendix A: Derivation of Equation 7
Here we show the algebra involved in obtaining Equation 7 by combining Equations 2–6. Beginning with flow
continuity (Equation 3):

Q = ArUr = (wb +
dr
tan θ

) dr

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8gRrSr
fr

√

, (A1)

we use the Variable‐Power Equation (Equation 4):

̅̅̅
8
fr

√

=
a1a2 (Rr/z0)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a21 + a22(Rr/z0)
5/3

√ . (A2)

to substitute for
̅̅
8
fr

√
which yields:

Q = ArUr = (wb +
dr
tan θ

) dr
a1a2 (Rr/z0)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a21 + a22(Rr/z0)
5/3

√
̅̅̅̅̅̅̅̅̅̅̅
gRrSr

√
. (A3)

We then use the reduced energy slope equation (Equation 5):

Sr = S(

̅̅̅̅
f
fr

√

)

e

(A4)

to substitute for Sr and obtain:

Q = ArUr = (wb +
dr
tan θ

) dr
a1a2 (Rr/z0)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a21 + a22(Rr/z0)
5/3

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

gRrS(

̅̅̅̅
f
fr

√

)

e
√
√
√
√ . (A5)

We then derive an expression to substitute for
̅̅
f
fr

√

:
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̅̅̅
f
fr

√

=

̅̅̅
8
fr

√

̅̅̅
8
f

√ . (A6)

Equation A2 substitutes for
̅̅
8
fr

√
and the Manning‐Strickler equation (Equation 6):

̅̅̅
8
f

√

= a1(Rr/z0)1/6 (A7)

substitutes for
̅̅
8
f

√
, yielding:

̅̅̅
f
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√
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8
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√
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8
f

√ =
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√
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5/3

√ . (A8)

We can then substitute Equation A8 into Equation A5 to get:

Q = ArUr = (wb +
dr
tan θ

) dr
a1a2 (Rr/z0)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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Finally, we can use the geometric relationship between hydraulic radius and depth (Equation 2):

Rr =
(wb + dr

tan θ) dr

wb + 2 dr
sin θ

, (A10)

to yield an equation that can be solved iteratively for depth given a known discharge (Equation 7):

Q = (wb +
dr
tan θ

) dr
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√

. (A11)

Notation
wb Basal channel width [L]

dr Flow depth [L]

θ Bank angle [degrees]

dc Channel depth [L]

hfp Floodplain elevation [L]

h Channel bed elevation [L]

hbl Baselevel elevation [L]

S Local channel bed slope [− ]

L Reach length [L]
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τr Effective boundary shear stress [ML− 1 T− 2]

ρw Density of water [ML− 3]

g Acceleration due to gravity [LT− 2]

Rr Hydraulic radius [L]

Sr Effective energy slope [− ]

Q Water discharge [L3T− 1]

Ar Flow cross‐section area [L2]

Ur Reach‐averaged flow velocity [LT− 1]

f Friction factor in the absence of macro‐roughness [− ]

fr Friction factor [− ]

e Energy slope exponent [− ]

a1 Flow resistance relation constant [− ]

a2 Flow resistance relation constant [− ]

z0 Roughness length scale [L]

Qin
s Volumetric sediment flux into the reach [L3 T− 1]

Qout
s Volumetric sediment flux out of the reach [L3 T− 1]

wr Channel width at the water surface [L]

f totc Fraction of the channel boundary shielded by roughness elements [− ]

ρs Density of sediment grains [ML− 3]

D50 Median bed grain size [L]

τbank Bank shear stress [ML− 1 T− 2]

τbed Bed shear stress [ML− 1 T− 2]

Fw Proportion of shear force exerted on the banks [− ]
∂hbed
∂t Surface‐normal rate of bed surface change [LT− 1]

∂hbank
∂t Surface‐normal rate of bank surface change [LT− 1]

lbank Cross‐stream length of one bank [L]

Dbed Surface‐normal rate of bed deposition [LT− 1]

Ebed Surface‐normal rate of bed erosion [LT− 1]

Dbank Surface‐normal rate of bank deposition [LT− 1]

Ebank Surface‐normal rate of bank erosion [LT− 1]

ϕ Porosity of bed and bank material [− ]

k∗
dep Relative efficiency of bed to bank deposition [− ]

k∗
ero Relative efficiency of bed to bank erosion [− ]

a Shear stress exponent [− ]

wbed
roughness Width of the channel bed shielded by roughness elements [L]

lbankroughness Cross‐stream length of one channel bank shielded by roughness elements [L]
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f bankc Fraction of the cross‐stream bank length shielded by roughness elements [− ]

f bedc Fraction of the cross‐stream bed width shielded by roughness elements [− ]

Δt Model timestep [T]

pb Case study: Proportion of sediment traveling as bedload [− ]

k Case study: Sediment rating coefficient [TL− 3]

m Case study: Sediment rating exponent [− ]

σbasez Case study: Bed roughness length in areas without wood [L]

σwoodz Case study: Bed roughness length in areas with wood [L]

Abase Case study: Area of the bed without wood [L2]

Awood Case study: Area of the bed covered by wood [L2]

Atot Case study: Total bed area [L2]

μ Case study: Model‐data misfit [− ]

δ Case study: Uncertainty on width measurements [L]
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