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A B S T R A C T

In nature, rivers not only incise bedrock but also transport sediment supplied to them; however, incision is often 
assumed to dominate over sediment transport in shaping channel geometry so as to exploit the simplicity of the 
stream power law. This likely flawed assumption raises fundamental concerns about inverting channel 
morphology to map external forcing, such as active deformation. Central to this issue is how relative sediment 
flux (i.e. sediment supply relative to transport capacity, Qs/Qt) modulates the efficacy of excess shear stress in 
incising bedrock, known as the relative sediment flux function. Two competing functions have been proposed, 
but resolving them in the field has proven challenging to date. Here, we address this issue by contrasting two 
rivers in the Gulf of Corinth, Greece that traverse comparable gradients in tectonics and lithology with distinct 
relative sediment fluxes. We show that the sediment-rich Phoenix river, with an estimated Qs/Qt value ~0.8, has 
a much lower sensitivity of excess shear stress to tributary sediment input than the sediment-poor Sithas river. To 
our knowledge, this represents the first field evidence supporting the function with a markedly decreased 
sensitivity to Qs/Qt at high Qs/Qt values. This allows us to clarify the importance and mechanisms of channel 
slope versus width adjustment in reaching the excess shear stress required for equilibrium. As a result, we outline 
the conditions under which the widely used stream power law and its associated metrics, such as steepness and 
knickpoints, can (or cannot) be sensibly employed.

1. Introduction

In non-glaciated upland areas, bedrock rivers are the main geomor
phic engines that transmit tectonic, climatic and lithological forcings 
into landscapes (e.g. Allen, 2008; Whipple et al., 2013). In doing so, 
these rivers not only incise bedrock but also transport sediment supplied 
to them (e.g. Whipple and Tucker, 2002; Finnegan et al., 2017). How
ever, in most studies that invert channel morphology to map active 
deformation (e.g. Kirby et al., 2008), probe climatic variations (e.g. 
Leonard et al., 2023), and infer lithological controls (e.g. Gallen et al., 
2013), channel dynamics are assumed to be dominated by incision (i.e. 
detachment-limited erosion). This assumption exploits the simplicity of 
the stream power law (SPL), in which incision is expressed as a function 
of drainage area and slope, both of which are readily available (Whipple 
and Tucker, 1999). Yet, this appealing assumption is likely flawed in 
most rivers that carry significant sediment (e.g. Whipple and Tucker, 
2002). The expected importance of sediment supply at best complicates, 

and at worst may invalidate, the inferences drawn from prior studies 
using the SPL (Yanites, 2018). It is thus of fundamental importance to 
elucidate the extent to which sediment supply modulates long term 
channel dynamics in real rivers.

Sediments moving through channels have long been hypothesised to 
modulate incision and channel adjustment to tectonic forcing (Eq. (1), e. 
g. Sklar and Dietrich, 2006). If bedload sediment supply (Qs) is low 
relative to channel transport capacity (Qt), moving sediment tends to 
abrade and loosen bedrock to enhance incision (e.g. Sklar and Dietrich, 
2004); in contrast, excessive relative sediment flux (Qs/Qt) covers the 
bedrock and inhibits incision (e.g. Johnson et al., 2009). This is often 
known as the “tools and cover” effect (Fig. 1), which has been examined 
in theoretical (e.g. Turowski et al., 2007), experimental (e.g. Sklar and 
Dietrich, 2001; Johnson and Whipple, 2010; Chatanantavet and Parker, 
2008), modelling (e.g. Yamanishi and Naruse, 2026; Zhang et al., 2020), 
and some field perspectives (e.g. Cook et al., 2013; Jansen et al., 2011; 
Johnson et al., 2009). Yet, most field studies to date have focussed on the 
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qualitative effects of sediment flux, leaving its quantitative function 
(f(Qs /Qt)) poorly constrained (Fig. 1). An important exception is Cowie 
et al. (2008), who supported a hump-shaped function for relative sedi
ment flux in governing the erosional history of channels over timescales 
>105 years, based on well-constrained rivers crossing active faults in 
Italy and Greece. These authors ruled out an “undercapacity model” for 
governing long-term river incision (Beaumont et al., 1992), but their 
data did not resolve between published sediment flux functions that 
include tools and cover terms (Fig. 1, Sklar and Dietrich, 2004; Turowski 
et al., 2007).

To address this fundamental issue, we contrast two well-constrained 
rivers draining into the Gulf of Corinth, Greece. Both rivers cross marked 
gradients in bedrock erodibility and uplift rate (e.g. Zhou et al., 2024), 
and have good constraints on sediment supply (e.g. McLeod et al., 2024). 
We characterise the contrasting responses of the two rivers with distinct 
sediment fluxes to comparable tectonic and lithological gradients. In 
particular, the sensitivity of excess shear stress to tributary input is used 
to resolve competing relative sediment flux functions (c.f. Sklar and 
Dietrich, 2004; Turowski et al., 2007). In this context, we clarify the 
competing importance of channel slope versus width in reaching the 
excess shear stress required for equilibrium. The results give new in
sights into sediment flux-dependent river incision and help clarify when 
and why the SPL can be reasonably used for rivers carrying some or 
abundant sediment.

2. Flux-dependent incision

In general, flux-dependent incision can be modelled using Eq. (1): 

E = Kf(Qs /QT)(τb − τc)
a
, (1) 

where E is incision rate, K is erodibility, f(Qs /Qt) describes the “tools 
and cover” effect of relative sediment flux (i.e. Qs/Qt), τb is bankfull 
shear stress, τc is critical shear stress for incipient sediment motion, and 
a is a constant associated with the incision process (Hobley et al., 2011). 
The relative sediment flux function f(Qs /Qt) can be interpreted as 
modulating the efficacy of excess shear stress (i.e. τb − τc) in incising 
bedrock (hereafter termed erosional efficacy, Johnson et al., 2009). 
Notably, the SPL (E = KAmSn, where A is drainage area, S is channel 

slope, and m and n are constants) can also be stated in terms of shear 
stress as E = K(τb − τc)

a under common hydraulic scaling assumptions 
(Whipple and Tucker, 1999). In this sense, the SPL represents a special 
case of flux-dependent incision, in which f(Qs /Qt) is a constant.

The relative sediment flux function is central to constraining river 
incision, but its specific form remains contentious (Fig. 1, e.g. Sklar and 
Dietrich, 2006). The basic form was first conceptualised (Sklar and 
Dietrich, 2004) and later validated by experimental studies (e.g. John
son and Whipple, 2010) to depend on both sediment supply and the 
fraction of exposed bedrock (Fe). In Sklar and Dietrich (2004)’s con
ceptual model, the fraction of exposed bedrock is assumed to be linearly 
proportional to relative sediment flux (i.e. Fe = 1 − Qs/Qt), supported by 
flume experiments by Chatanantavet and Parker (2008). This results in a 
parabolic curve for f(Qs /Qt) (Fig. 1), with the rising limb (tools domain) 
and falling limb (cover domain) being symmetrical with respect to the 
Qs/Qt = 0.5 axis (Eq. (2)). 

f(Qs /Qt) = Qs(1 − Qs /Qt), (2) 

Based on a probabilistic argument, however, Turowski et al. (2007)
derived an exponential relationship between the fraction of exposed 

bedrock and relative sediment flux (i.e. Fe = e− φQs
Qt , where φ represents 

the difference in the probability of excess sediment accumulation per 
unit bed area between exposed and covered areas). In this exponential 
relationship, the rate of decrease in the fraction of exposed bedrock 
diminishes as Qs/Qt increases. This leads to an asymmetrical f(Qs /Qt)

curve (Fig. 1), featuring a high-Qs/Qt range in which erosional efficacy 
becomes increasingly insensitive to Qs/Qt variations (Eq. (3)). 

f(Qs /Qt) = Qse
− φQs

Qt , (3) 

This equation is derived for channels with Qs < Qt, in which all 
sediment is mobile, but dynamic cover can occur as sediment concen
tration increases, inhibiting the number of grain-bed collisions by 
increasing the frequency of grain-grain collisions (Turowski et al., 
2007).

Even though experimental data can help constrain the form of 
f(Qs /Qt) (Fig. 1; e.g. Sklar and Dietrich, 2004; Chatanantavet and 
Parker, 2008; Johnson and Whipple, 2010), their significance is limited 

Fig. 1. Two competing, hump-shaped relative sediment flux functions—dashed (Sklar and Dietrich, 2004) and solid (Turowski et al., 2007)—are fitted to short-term 
experimental data from an erosion mill, in which sediments of different lithologies are input to abrade an underlying bedrock disk (scatters on grey axes; Sklar and 
Dietrich, 2001). Here, Turowski et al.’s (2007) function fits the scatters better than Sklar and Dietrich’s (2004), but its significance is limited by differences in 
timescale and hydrodynamics between the experimental mill and natural rivers. Identifying the correct function is crucial, as the two predict distinct river dynamics 
(see main text). Note the Qs/Qt range can be conceptually divided into zones 1, 2, and 3, based on the gradient or sensitivity of the function to Qs /Qt variations.
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by the extent to which the short-term erosion mill or flume experiments 
capture long-term river dynamics. To our knowledge, field evidence 
from natural rivers has yet to be found to resolve between the two for
mulations (e.g. Hobley et al., 2011). This is of fundamental importance, 
as the two functions predict distinct incision dynamics, partly due to 
differences in erosional efficacy gradients across the Qs /Qt range. Up to 
three zones occur as a function of relative sediment flux: 1) a steep 
positive gradient (zone 1), 2) a steep negative gradient (zone 2), and 3) a 
shallow negative gradient (zone 3) (Fig. 1). Notably, zone 1 and zone 2 
exist in both functions, but zone 3 is unique to Turowski et al.’s (2007)
function, where the increasingly shallow gradient of the curve allows 
erosional efficacy to level off and therefore be effectively subsumed into 

erodibility K, whose dimensions are model-dependent (Eq. (1)). Thus, 
the existence of zone 3 in natural rivers may obscure the expected 
distinction between flux-dependent incision and the SPL (Whipple and 
Tucker, 1999). In addition, the two functions also differ in the Qs/Qt 
values at which zone 1 transitions into zone 2: this at 0.5 in Eq. (2) for 
Sklar and Dietrich (2004)’s formulation and at 1/φ in Eq. (3) for Tur
owski et al. (2007)’s. The value of φ is unknown, but the experiments 
suggest the transition occurs at Qs/Qt ~ 0.2, based on the assumption 
that incision ceases when Qs = Qt (i.e. Qt = 1000 g in Fig. 1). This 
transition point holds important implications for predicting incision 
rates in flux-dependent rivers (Turowski et al., 2007). In turn, the key 
distinctions described above provide the most effective means of 

Fig. 2. Gulf of Corinth in maps of hillshaded relief (a), and lithology (b), with active faults (red lines) and the two study catchments highlighted. Abbreviations: p-con 
sed. – poorly consolidated sediment; cong. – conglomerate; sand-silt – sandstone-siltstone; lime. – limestone. AIG-Aigion fault, DER-Deveni fault, E. ELK-East Eliki 
fault, E. XYL-East Xylokastro fault, LYK-Lykoporia fault, N. KIA-North Kiato fault, PER-Perachora fault, PSA-Psathopyrgos fault, NER-Neo Erineos fault, W. ELK-West 
Eliki fault.
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resolving the two competing functions (Fig. 1).

3. Study area

The Phoenix and Sithas are two rivers draining into the Gulf of 
Corinth, Greece, one of the fastest spreading active rifts in Europe 
(Fig. 2a; Bell et al., 2008). The Phoenix river crosses the onshore 
Selianitika and Erineos-Lampiri normal faults with a Late Quaternary 
footwall uplift rate of 1–2 mm/yr (Fig. 3c; Palyvos et al., 2010). The 
Sithas river is bounded by the offshore East Xylokastro fault, which has a 
comparable Late Quaternary uplift rate of 1.3–1.6 mm/yr (Fig. 3d; 
Armijo et al., 1996; de Gelder et al., 2019). The back-tilting of these fault 
blocks causes strike-perpendicular uplift rates to decline systematically, 
as evidenced by marine terraces (e.g. Armijo et al., 1996) and landscape 
characteristics (e.g. Fernández-Blanco et al., 2020). A linear decay 
model with a rate of ~0.08 mmyr-1km-1 broadly reproduces the 
strike-perpendicular uplift rate variations in Corinth (de Gelder et al., 
2019; Zondervan et al., 2020).

Footwall rivers, such as the Phoenix and Sithas, experience a com
parable downstream increase in uplift rate (Fig. 3c-d). The Phoenix river 
does not develop knickpoints in response to the onshore faults, but in the 
vicinity of the faults, the channel appears to have shifted toward alluvial 
conditions due to back-tilting (Fig. 3c). In contrast, the Sithas river is 
bounded by the older offshore fault and has developed two tectonic 
knickpoints (Fig. 3d, Zhou et al., 2024). Both rivers also traverse a 
similar bedrock erodibility gradient, from pre-rift basement upstream to 
syn-rift stratigraphy downstream (Fig. 2b, Zhou et al., 2024). The 
pre-rift basement, including limestone, flysch, and phyllites-quartzites 
(e.g. Wicker et al., 2024) is documented to be less erodible than the 
syn-rift stratigraphy comprising conglomerate, sandstone-siltstone, and 
poorly consolidated sediments (Fig. 2b, e.g. Zhou et al., 2024). In 
particular, limestone, flysch, and conglomerate, generate most of the 
bedload sediment, whereas sandstone–siltstone is rapidly abraded into 
sand-sized particles (Zhou et al., 2026).

Consequently, while Phoenix and Sithas rivers cross marked yet 
comparable gradients in bedrock erodibility and uplift rate (Fig. 3), both 
qualitative and quantitative observations indicate distinct bedload 
sediment supply. For example, Deiss et al. (2025) reported a 100-kyr 
bedload sediment budget for the Sithas of ~25 km3/Myr, based on 
mapping of a deep-water fan offshore. This translates to ~2 kg/s using a 
mean sediment density of 2650 kg/m3 and is several orders of magni
tude lower than typical bankfull transport capacity (e.g. McLeod et al., 
2024). As such, the Sithas river likely lies within the tools domain. Field 
observations show that during low-flow stages, coarse sediments only 
partially cover the Sithas channel (Fig. 3f), yet they fully mantle the 
Phoenix channel (Fig. 3e), suggesting considerable sediment supply in 
the latter catchment. This aligns with published findings that mass 
wasting, the main bedload generation process, is more pervasive in the 
Phoenix river than in the Sithas river (Fig. 3a-b, Zhou et al., 2026). In 
addition, based on seismic and field data, McLeod et al. (2024) esti
mated the Holocene bedload volume and bankfull sediment transport 
capacity for both rivers. Their results indicated that over the last 12 kyr, 
the Qs/Qt of the Phoenix river was ~2.5 times that of the Sithas river 
(their figure S6c), consistent with our qualitative field observations. In 
short, the two rivers exhibit distinct relative sediment fluxes, with the 
Sithas and Phoenix rivers likely falling in the tools and cover domains, 
respectively (Fig. 1).

The study rivers thus represent a unique opportunity to resolve be
tween two competing relative sediment flux functions (Fig. 1). However, 
directly determining bankfull Qs/Qt downstream in rivers is non-trivial 
over long periods. This is because we typically lack hydrographs over 
100-kyr timescales to constrain long-term bankfull flood intermittency 
and sediment transport capacity. Thus, we leverage variations in excess 
shear stress, and turn to the defining feature of zone 3, if present, i.e. its 
markedly lower sensitivity to Qs/Qt variations compared to the other 
two zones (Fig. 1) to reconstruct how these rivers are influenced by 
sediment flux dependent incision. In addition, available shorter-term 
Qs/Qt estimates introduced above are presented as corroborative 

Fig. 3. Main characteristics of the Phoenix (a, c, e) and Sithas (b, d, f) rivers: (a, b) trunk and tributary channels cutting across different lithologies and normal faults; 
(c, d) trunk-channel river profiles, coloured by lithology from Fig. 2, shown with first-order variations in uplift rates. Dashed red lines and grey bands represent the 
mean and range of fault uplift rate constraints, with their upstream decrease based on the linear back-tilting model derived from two well-constrained faults in 
Corinth (see main text); (e, f) low-flow stage field observations (see locations in a and b). Note both rivers exhibit the transition between the upstream zone, where 
sediment input comes directly from adjacent coupled hillslopes, and the downstream zone, where tributary input dominates. The upstream-downstream transition 
coincides with the boundary between hard and soft bedrock in the Phoenix river and with a knickpoint in the Sithas river.

Z. Zhou et al.                                                                                                                                                                                                                                    Earth and Planetary Science Letters 685 (2026) 120021 

4 



evidence.

4. Methods

To investigate sediment supply controls on river incision, we ana
lysed channel morphological responses to variations in tectonics, li
thology and sediment supply. For each river, we: i) systematically 
measured bankfull channel geometry; ii) evaluated excess shear stress 
responses to expected Qs/Qt variations across tributary confluences; and 
iii) constrained Qs/Qt values.

4.1. Bankfull channel geometry

Bankfull channel geometry, including width, slope, and depth, rep
resents the main variable rivers adjust to accommodate variations in Qs/ 
Qt, bedrock erodibility and uplift rates. These measurements are also 
essential to quantify excess shear stress and sediment transport capac
ities. In the field, we used flood markers, such as bleaching surfaces, 
vegetation boundaries, and debris to estimate bankfull stage (Fig. 4a, e. 
g. Whittaker et al., 2007). Then, channel width was measured as the 
distance between the bounding channel banks (Fig. 4b) using a laser 
rangefinder. Slope was determined in degrees over ~30 m along the 
river (Fig. 4c). Depth was measured as the elevation differences from 
thalweg points to flood markers (Fig. 4d). Errors associated with these 
measurements are provided in supplementary methods.

To characterise channel responses to marked variations in lithology 
and tectonics, bankfull width, slope, and wdith: depth (W/D) were 
plotted along the trunk channel in both rivers (Fig. 5a-d). Because 
channel width and slope scale with drainage area, area-normalised slope 
(steepness, ksn) (Eq. (4)) and width (wideness, kwn) (Eq. (5)) were 

introduced to account for area-induced variations: 

ksn = SAb, (4) 

kwn = WA− c, (5) 

where S is the channel slope, A is the upstream drainage area, W is the 
channel width, b and c are exponents relating drainage area to slope and 
width, respectively (e.g. Allen et al., 2013). In our calculations, b and c 
were set as 0.5 for both rivers to enable direct comparison (e.g. Yanites, 
2018), with uncertainties propagated. In this study, we compared the 
relative variability of wideness and steepness to infer the dominant 
mechanism (width versus slope adjustment) a river uses to accommo
date gradients in bedrock erodibility and uplift rate: slope adjustment 
prevails if steepness is more variable; alternatively, width adjustment 
dominates.

4.2. Excess shear stress and tributary input

To test the hypothesis that the sediment-rich Phoenix river may lie in 
zone 3 (Fig. 1), the sensitivity of erosional efficacy to Qs/Qt variations 
was examined. Erosional efficacy cannot be measured directly, but for 
channels that are in erosional equilibrium with identical uplift rates and 
erodibility, it is inversely related to excess shear stress (Eq. (1)). Thus, in 
such channel reaches, the objective can be reframed as examining the 
sensitivity of excess shear stress to Qs/Qt variations. Excess shear stress 
was calculated here as bankfull shear stress minus critical shear stress, 
both of which can be derived directly from our bankfull channel ge
ometry measurements (supplementary methods).

In both rivers, the downstream zones are point-sourced by tributary 
inputs (Fig. 3; Zhou et al., 2026), making tributary confluences an ideal 

Fig. 4. Field photos illustrating bankfull flood markers (A), width (B), slope (C), and depth (D).
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context for investigation. This is because the trunk channel Qs/Qt may 
change markedly across confluences due to tributary sediment input, 
while uplift rates and lithology remain effectively constant over such 
short distances. Between confluences, uplift rates are expected to in
crease towards the faults, but we make the simplifying assumption that 
Qs/Qt is approximately spatially uniform as sediment and water 
discharge is not expected to change. From the perspective of sediment 
mixing, the impact of tributary input on the trunk channel’s Qs/Qt de
pends mostly on their differences in Qs/Qt and drainage area. The latter 
is readily available, but the former is hard to constrain directly. Here, we 
leveraged the published finding that bedload sediment in our study 
rivers is dominantly generated from limestone, flysch, and conglom
erate, as the softer sandstone–siltstone is documented to be rapidly 
abraded into sand-sized particles and therefore does not contribute to 
bedload (Zhou et al., 2026). This allows us to use the combined area of 
limestone, flysch, and conglomerate, relative to the total drainage area 
(bedload-generating-lithology proportion), as a qualitative proxy for 
relative sediment flux. Note, this proxy is not used here to quantify 
Qs/Qt along the trunk channels; rather, it is used in conjunction with 
drainage area to assess which tributaries are most or least likely to 
change the trunk-channel Qs/Qt at confluences. Specifically, tributaries 
with distinct bedload-generating-lithology proportions and large 
drainage areas relative to the trunk-channel are most likely to change 
the trunk-channel Qs/Qt at confluences (supplementary Table S2).

Consequently, we plotted excess shear stress (supplementary 
methods) along the trunk-channel profiles for both rivers, with the po
sitions of tributary confluences shown (Fig. 6). First, we examined 
excess shear stress variations between confluences to test whether the 
surveyed channels are in equilibrium with the gradients in uplift rate 
and erodibility. In this context, we then compared the magnitude of 
excess shear stress variations with that of the expected Qs/Qt changes 
(supplementary Table S2) across confluences to assess the sensitivity of 

excess shear stress to Qs/Qt changes: if a tributary expected to signifi
cantly disturb the trunk-channel Qs/Qt does not alter excess shear stress, 
the erosional efficacy of the river is considered insensitive to Qs/Qt 
variations (zone 3). In contrast, if a tributary assessed to have limited 
impact on the trunk-channel Qs/Qt corresponds to a marked change in 
excess shear stress, the erosional efficacy of the river is considered 
highly sensitive to Qs/Qt variations (zone 1 or zone 2).

4.3. Qs/Qt estimates

The interpretation drawn from the sensitivity analysis can be com
plemented by our independent constraints on bankfull Qs/Qt values of 
the two rivers. We exploited the observation that the Phoenix river ap
pears to transition to dominantly alluvial conditions near the onshore 
active faults (Zhou et al., 2026). In transport-limited alluvial reaches, 
excess shear stress is, by definition, all spent to transport sediment (i.e. 
Qs = Qt), and transport capacity can be estimated using the Meyer-Peter 
and Müller equation (supplementary methods). Thus, we estimated 
maximum Qs from the dominantly alluvial channels (transparent points 
in Fig. 5a, c, e) and Qt from channels adjacent to those dominantly al
luvial ones (supplementary methods and Table S1). The Qs/Qt can be 
therefore constrained for the Phoenix river and then extrapolated to the 
Sithas river, based on its ~2.5-fold difference over the last 12 kyr 
(McLeod et al., 2024) and the likely equal number of bankfull floods in 
the two adjacent rivers.

5. Results

5.1. Bankfull channel geometry

Fig. 5 shows downstream variations in bankfull width, slope, and W/ 
D, as the Phoenix and the Sithas rivers traverse comparable gradients in 

Fig. 5. Bankfull width (grey) / wideness (red) (a, b), slope (grey) / steepness (red) (c, d), and width:depth, W/D (e, f) along the lithology-coloured trunk-channel 
river profiles for the Phoenix (a, c, e) and Sithas (b, d, f) rivers. Note the Phoenix river is dominated by width adjustments, whereas the Sithas river is dominated by 
slope adjustments. The onshore faults (Fig. 3a) are marked as red lines, and the four transparent markers in the Phoenix river represent channels interpreted to be 
close to transport-limited alluvial conditions (see main text for details). See Fig. 3 for lithology legend.
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bedrock erodibility and uplift rate (Fig. 3) with distinct sediment fluxes. 
In the sediment-rich Phoenix river, channels first widen markedly from 
the hard-bedrock dominated upstream zone (~15 m) to the soft-bedrock 
dominated downstream zone (~90 m), and then narrow towards active 
faults, where uplift rates increase (Fig. 5a). This narrowing fails to 
manifest just upstream or downstream of the faults, where the four 
widest channels in the river are located (~120 m) (Fig. 5a). This is 
interpreted as a shift in their channel dynamics toward dominantly al
luvial conditions due to fault back-tilting (e.g. Humphrey and Konrad, 
2000). Notably, the dramatic variations in width (~10–150 m) persist 
even after normalisation by drainage area (i.e. wideness ~1.5–16 
m/km) (Fig. 5a). In comparison to width, across the same gradients in 
bedrock erodibility and uplift rate, channel slope exhibits less variation 
(~0.014–0.1), most of which occurs in the hard-bedrock-dominated 
upstream zone (Fig. 5c). This pattern is also clear in steepness, where 
the upstream channel ksn fluctuates between ~300–500 m while the 
downstream channels stabilise at ~210 m (Fig. 5c). The relative vari
ability of wideness and steepness suggests that, except in the upstream 
zone, width adjustment is the main mechanism the sediment-rich 
Phoenix river uses to accommodate variations in bedrock erodibility 
and uplift rate. W/D is mostly <10 in the upstream zone and increases to 
~50 in the downstream zone, with the dominantly alluvial reaches 
reaching ratios up to 110 (Fig. 5e).

In contrast, for the sediment-poor Sithas river, channel width in
creases gradually from 2 m to 25 m downstream (Fig. 5b). Yet, most of 
the width increase can be explained by drainage area, given only limited 
variation remains in wideness (0.5–2.5 m/km) (Fig. 5b). Compared to 
width, channel slope increases from 0.03 to 0.25 near the knickpoint and 
then decreases downstream to 0.01 (Fig. 5d). These variations persist in 

steepness, even when the impact of drainage area is accounted for 
(~20–1300 m, Fig. 5d). The much larger relative variability in slope 
compared to width suggests that slope adjustment is the main mecha
nism by which the sediment-poor Sithas river tries to achieve equilib
rium. W/D is <10 across most channels, with no clear pattern observed 
(Fig. 5f).

Taken together, the two rivers, with distinct sediment fluxes, differ in 
their morphological responses to comparable gradients in bedrock 
erodibility and uplift rate: the sediment-rich Phoenix mostly adjusts 
width, except in its upstream zone; in contrast, the sediment-poor Sithas 
predominantly adjusts slope (Fig. 5a-d). In both rivers, the slope- 
dominated channel response appears to occur when W/D is approxi
mately less than 10. This contrast in morphological response points to 
the crucial role of sediment supply in shaping the channel geometry.

5.2. Downstream variations in excess shear stress

Fig. 6 plots excess shear stress along the trunk of the Phoenix and 
Sithas rivers, with tributary confluences marked as dashed blue lines. In 
the sediment-rich Phoenix, excess shear stress is ~3 times higher up
stream than in the downstream zone (Fig. 6a). This aligns with estimated 
variations in bedrock erodibility (Zhou et al., 2024), supporting the idea 
that the river has equilibrated with changing bedrock erodibility. In the 
downstream zone, excess shear stress increases almost linearly towards 
the faults (Fig. 6a), consistent with the variations in uplift rates (Fig. 3c). 
Notably, excess shear stress does not deviate significantly downstream 
of tributary confluences, where Qs/Qt is expected to change (Fig. 6a). 
For example, tributary t5 has a bedload-generating-lithology proportion 
of 45% and a drainage area of 27 km2, both of which are significant 

Fig. 6. Downstream variations in excess shear stress along the lithology-coloured trunk-channel river profiles for the Phoenix (a) and Sithas (b) rivers, with the 
locations of tributary confluences marked (dashed blue lines). Note the sensitivity of excess shear stress to tributary input differs significantly between the Phoenix 
and Sithas rivers. The four transparent markers in the Phoenix river represent channels interpreted to be close to transport-limited alluvial conditions (see main text 
for details). See Fig. 4 for lithology legend.
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relative to those of the trunk channel (86%, 48 km2, respectively in 
supplementary Table S2). Its confluence with the trunk channel is ex
pected to markedly disturb the trunk Qs/Qt, yet excess shear stress ex
hibits little corresponding response (Fig. 6a). This implies that erosional 
efficacy remains approximately constant despite variations in Qs/Qt due 
to tributary input. This could occur either if the river approaches 
detachment-limited conditions or if the river lies in zone 3, where 
erosional efficacy is insensitive to Qs/Qt variations (Fig. 1); however, the 
former can be excluded based on the clear observation that the channel 
is covered by coarse sediment (Fig. 3e). Consequently, we interpret that 
the sediment-rich Phoenix river lies in zone 3.

In the sediment-poor Sithas river, excess shear stress shows a general 
downstream increase within reaches between tributary confluences, 
where Qs/Qt is approximately constant (Fig. 6b). This is consistent with 
the trend in uplift rates (Fig. 3d), supporting the notion that the channels 
are in equilibrium. Yet, when sediment-rich tributaries known to 
coarsen trunk-channel sediment grain size join the trunk channel, such 
as t2, t4, and t7, excess shear stress decreases markedly (Fig. 6b) (c.f. 
Zhou et al., 2026). Because these channels are in equilibrium, the 
reduction in excess shear stress must have been compensated by a cor
responding increase in erosional efficacy across these tributary conflu
ences (e.g. Cowie et al., 2008). Tributary t7, with a bedload-lithology 
proportion of 29% but a small drainage area of 6 km2 relative to the 
trunk channel (52%, 125 km2, respectively in Table S2), is expected to 
have limited impact on trunk-channel’s Qs/Qt; however, excess shear 
stress drops to one-third of its initial value downstream of the confluence 
(Fig. 6b). This observation suggests that excess shear stress and, there
fore erosional efficacy, is highly sensitive to Qs/Qt variations. Thus, we 
interpret that the sediment-poor Sithas river lies in zone 1 (Fig. 1).

5.3. Constraints from Qs/Qt estimates

To further assess the interpretation of the Qs/Qt zones in which the 
two rivers fall, the Qs/Qt values are approximated. In the Phoenix river, 
bankfull Qs can be estimated from dominantly transport-limited reaches 
at ~6000 kg/s, and bankfull Qt, estimated from adjacent flux-dependent 
reaches, is ~7700 kg/s (see supplementary methods and Table S1 for 
details). The Phoenix river’s Qs/Qt is therefore constrained at ~0.8, 
aligning with its interpreted position in zone 3 (Fig. 1). Combined with 
the finding that the Qs/Qt of the Phoenix river is ~2.5 times that of the 
Sithas river (McLeod et al., 2024), our constraint on the Phoenix river 
can be extrapolated to the Sithas river (Qs/Qt ~ 0.3). This is consistent 
with its interpreted position in the tools domain (zone 1) (Fig. 1).

6. Discussion

6.1. Constraints on the relative sediment flux function

We show two rivers with distinct sediment fluxes exhibit contrasting 
morphological responses to comparable gradients in bedrock erodibility 
and uplift rates (Fig. 5). This is inconsistent with predictions from the 
SPL for detachment-limited rivers (e.g. Finnegan et al., 2005) but aligns 
with the effects of flux-dependent dynamics (e.g. Yanites and Tucker, 
2010). In both rivers, excess shear stress variations across tributary 
confluences (Fig. 6) are interpreted to reveal the sensitivity of erosional 
efficacy to Qs/Qt variations, with the sediment-rich Phoenix River being 
much less sensitive than the sediment-poor Sithas River. In particular, 
the sediment-rich Phoenix river is estimated to have a Qs/Qt of ~ 0.8.

The high Qs/Qt zone (with markedly decreased sensitivity to Qs/Qt 
variations) is absent from Sklar and Dietrich’s (2004) function but is 
integral to Turowski et al. ’s (2007) function (zone 3 in Fig. 1). Essen
tially, the existence of zone 3 is a direct result of the diminishing rate of 
decrease in the fraction of exposed bedrock as Qs/Qt increases. This 
feature, however, is challenging to discern directly in experimental 
studies (Johnson and Whipple, 2010). Hobley et al. (2011) found their 
optimal sediment flux functions for three rivers flowing over coarse and 

loose postglacial debris are comparable in form to Turowski et al. ’s 
(2007) function. Yet, this study is interpreted to provide ambiguous 
support for Turowski et al. ’s (2007) function as the rivers they docu
ment never incise into bedrock and could therefore be transport-limited 
(Hobley et al., 2011). Thus, to our knowledge, our evidence for a zone 3 
river (i.e. the Phoenix river) represents the first unambiguous field 
support for Turowski et al.’s (2007) function over Sklar and Dietrich’s 
(2004) for relative sediment flux (Fig. 1).

The decreased sensitivity of erosional efficacy to Qs/Qt variations at 
high Qs/Qt values (Turowski et al., 2007) helps reconcile some 
long-standing conflicting observations. Below, we focus on the elusive 
role of width versus slope in channel response to external forcings, the 
mixed success of the SPL, and the implications for interpreting 
flux-dependent river incision.

6.2. Channels increase shear stress: to steepen or to narrow?

In principle, rivers can narrow or steepen to increase shear stress 
(Equation S2), but how this adjustment is partitioned between changes 
in width and slope remains elusive (e.g. Yanites and Tucker, 2010). It 
has been explored in numerical models incorporating flux-dependent 
incision, but such models often use overly simplified relative sediment 
flux functions or assume that channels reach their steady-state width at 
which slope is minimised (Turowski et al., 2009; Yanites and Tucker, 
2010). Moreover, rivers with well-constrained sediment fluxes have 
been scarce for model validation. Here, we take the opportunity to 
explore what our results may imply about the contrasting dynamics of 
narrowing compared to steepening in sediment-influenced bedrock 
rivers.

In our study, the sediment-poor Sithas river has a W/D mostly <10 
(Fig. 5f). This W/D is close to a threshold value, below which shear stress 
maxima shift from the channel centre to the banks due to increased 
friction near the banks (e.g. Turowski et al., 2008). This mechanism, first 
examined in detachment-limited conditions, has been invoked to limit 
channel narrowing (e.g. Wobus et al., 2006). This is because further 
narrowing results in shear stress on the banks exceeding that on the bed, 
which increases bank incision and counteracts the narrowing. In 
contrast, channel slope—affecting only the magnitude, rather than the 
cross-sectional distribution, of shear stress—is still free to adjust. 
Consequently, rivers at a threshold width mostly steepen, rather than 
narrow, to increase their erosive power (e.g. Wobus et al., 2006). The 
same pattern is observed in the Sithas river (Fig. 5b, d), in the zone 1 
tools domain (Fig. 6b), in which erosional efficacy increases as sediment 
concentration increases. This motivates us to propose how the threshold 
width model may be extended to flux-dependent rivers: when the 
channel bed and banks share limited sediment, sediments are expected 
to concentrate in areas of higher shear stress (e.g. Meyer-Peter and 
Müller, 1948), meaning the erosional efficacy of the bed and banks is 
shear-stress dependent. Incision in such flux-dependent channels thus 
depends only on shear stress, similar to the SPL (Eq. (1)), and channel 
cross-section equilibrium is consequently reached at the threshold 
width, where shear stress between the bed and banks is balanced: any 
further narrowing or widening is counteracted by subsequent redistri
bution of shear stress (Fig. 7a).

Unlike the Sithas river, the sediment-rich Phoenix river in its 
downstream zone is significantly wider than a threshold width (Fig. 5e), 
as observed in other studies (e.g. Baynes et al., 2020; Finnegan et al., 
2017). In channels wider than the threshold width, shear stress is ex
pected to be much higher on the bed than on the banks (e.g. Turowski 
et al., 2008). The Phoenix river as a whole is interpreted to lie in zone 3, 
so the channel bed with higher shear stress must also be in zone 3, as 
sediment concentration depends on shear stress (e.g. Meyer-Peter and 
Müller, 1948). The banks with lower shear stress should have lower 
sediment concentration and therefore higher erosional efficacy, likely 
zone 2 for the banks of the Phoenix river (Fig. 7b). This may explain why 
sediment-rich rivers, such as the Phoenix river, are wider than 
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sediment-poor rivers (e.g. the Sithas river): shear stress on the bed must 
be high enough to compensate for its lower efficacy (Fig. 7b).

Importantly, channels in this condition are free to narrow or steepen 
to increase erosive power. In the downstream Phoenix river, however, 
the channels mostly adjust width, rather than slope, to accommodate 
variations in bedrock erodibility and uplift rate (Fig. 5a,c). Similar ob
servations have also been reported in both ancient (Amos and Burbank, 
2007) and modern (Yanites et al., 2010; Allen et al., 2013) sediment-rich 
rivers. This raises the question: why does a wide channel mostly adjust 
width to modulate its erosive power? Here, we hypothesise that, for 
channels such as the downstream-most reach of the Phoenix river, 
steepening alone can, in theory, elevate erosive power to balance 
increasing uplift rates towards the fault, but such steepened channels are 
not in full equilibrium: any perturbations that increase sediment con
centrations can trigger an incision imbalance across the channel 
cross-section. This is because, for a given increase in Qs/Qt, bank effi
cacy in zone 2 decreases more strongly than bed efficacy in zone 3, due 
to the increasingly shallow gradient of the f(Qs/Qt) in Turowski et al. ’s 
(2007) formulation (Fig. 7c). In this case, bank incision is surpassed by 
bed incision, promoting narrowing that increases sediment concentra
tions further (Fig. 7c). This positive feedback loop continues until the 
channel narrows to a width where bank incision catches up with bed 
incision (Eq. (1)), and a new equilibrium is reached. In this process, the 
initial steepening is partly or fully erased as channels maintain equi
librium with the imposed uplift rates. Thus, wide channels would pref
erentially adjust their width to increase erosive power. If channels are 
narrowed to near their threshold width, however, further narrowing is 
inhibited and steepening becomes important again, as in the upstream 
Phoenix and other sediment-rich rivers (e.g. Amos and Burbank, 2007; 
Yanites et al., 2010; Allen et al., 2013). Here, we propose that in such 
channels, both the bed and banks have entered zone 3, where their 
difference in erosional efficacy approaches zero (Fig. 7c). This again 
causes incision to depend mostly on shear stress, similar to the SPL (Eq. 
(1)). As a result, any narrowing can be counteracted by the subsequent 
increase in shear stress on the bed relative to the banks (Fig. 7c).

Thus, a conceptual channel geometry model that is built upon the 
constrained flux-dependent incision and the equilibrium principle is 
proposed (Fig. 7; c.f. Yanites and Tucker, 2010; Turowski et al., 2007). 
The model predicts the relative sediment flux conditions under which 

width or slope dominates channel morphological adjustments to 
changing boundary forcing (c.f. Yanites and Tucker, 2010; Yanites, 
2018). In this model, sediment-rich rivers can be as narrow as bedrock 
rivers, a somewhat counterintuitive observation recently derived from 
~1300 well-documented channels (Buckley et al., 2024). However, 
testing and validating this conceptual model requires more field, nu
merical, and experimental work that compares channel width and slope 
responses to known forcing.

6.3. Implications of flux-dependent incision for river interpretation

In general, our results illustrate that moving sediment exerts a dual 
control on channel geometry: first, by determining the excess shear 
stress required to maintain equilibrium with boundary conditions 
(Fig. 6), and second, by influencing how that shear stress is partitioned 
between width and slope adjustments (Fig. 7). This recognition con
solidates the theoretical importance of sediment supply and raises 
questions about the applicability of the SPL (Yanites, 2018). Yet, it 
works surprisingly well in many rivers, even in sediment-rich ones (e.g. 
Lavé and Avouac, 2001; Yanites et al., 2010). Thus, we consider when 
and why the SPL can be reasonably used in river interpretation.

The SPL can be considered as a upscaled version of Eq. (1), when 
erosional efficacy is constant and channel width scales only exponen
tially with drainage area (e.g. Whipple and Tucker, 1999). Its applica
tion therefore hinges on the extent to which these two conditions are 
met. For rivers with some sediment, such as the Phoenix river, their 
erosional efficacy is highly sensitive to variations in Qs/Qt (zone 1 in 
Fig. 1). Here, maintaining equilibrium requires that excess shear stress 
and, implicitly, bankfull channel geometry must adjust significantly in 
response to variations in Qs/Qt. Furthermore, the excess shear stress in 
such rivers is adjusted mostly by slope, rather than width changes 
(Fig.7a), allowing the SPL to be effective at a reach scale where Qs/Qt is 
constant, but not across confluences where Qs/Qt might change (e.g. 
Zhou et al., 2024). In rivers carrying abundant sediment (e.g. the 
Phoenix river), however, channels may enter zone 3 of Turowski et al. 
(2007)’s function in which erosional efficacy becomes insensitive to 
changes in Qs/Qt (Fig. 1). In this case, Qs/Qt variations are not the 
limiting condition as erosional efficacy is nearly constant; instead, the 
critical constraint is channel-width dynamics. If the banks are yet to 
reach zone 3, width changes are the preferred mechanism to adjust shear 
stress (e.g. the downstream Phoenix; Fig. 7b). As a result, the SPL cannot 
be used to indicate incision rates across the whole river, but other 
shear-stress based incision laws that explicitly incorporates channel 
width can be used (e.g. Lavé and Avouac, 2001; Yanites et al., 2010). 
Once the banks also lie within zone 3, channel morphological adjust
ments are again mostly manifested as slope changes (e.g. the upstream 
Phoenix; Fig.7c). In such rivers, the SPL can capture the main charac
teristics of flux-dependent rivers.

Our results explain the mixed success of the SPL when tested against 
independent field evidence. For example, only in channels dominated by 
slope adjustments are channel steepness (i.e. drainage area-normalised 
slope) and knickpoints likely to be effective in mapping active defor
mation. In addition, the linear correlation between incision rate and 
excess shear stress in both the Phoenix and other zone 3 rivers (e.g. Lavé 
and Avouac, 2001; Yanites et al., 2010) suggest that the commonly 
observed nonlinearity in the incision rate – steepness relationship might 
arise from i) the inappropriate use of steepness in rivers dominated by 
width adjustments, and ii) variations in Qs/Qt. These insights are 
important because the SPL, due to its simplicity, has been, and will likely 
continue to be, a “default” model for river incision. Our approach helps 
to assess the confidence we should place in previous studies that used 
the SPL, and to choose appropriate rivers for its future use.

Taking flux-dependent dynamics fully into account is impeded by the 
lack of quantitative constraints on Qs/Qt; however, its impact on river 
incision interpretation can be minimised. A critical step in this effort is 
to identify the Qs/Qt zone of the study rivers (cf. Fig. 1). This can be 

Fig. 7. A schematic diagram illustrating the ‘tools and cover’ effect of sediment 
in shaping channel equilibrium geometry. Note, channels a and c exhibit similar 
channel geometry despite significant differences in relative sediment flux, 
because both have limited contrast in erosional efficacy between the channel 
bed and banks. Furthermore, this contrast does not change significantly when 
there is an increase in Qs/Qt, as indicated by dash arrows. In contrast, channel 
b, where the bank efficacy exceeds bed efficacy, exhibits a much wider channel. 
The increasingly shallow gradient of the curve in the cover domain causes a Qs/ 
Qt increase to reduce bank efficacy more than bed efficacy, as indicated by 
dash arrows.
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achieved by analysing W/D and the sensitivity of excess shear stress to 
tributary input. As discussed in Section 6.2, rivers with W/D 
approaching ~10 are likely to lie either within zone 1 or zone 3, with the 
latter further distinguished by insensitivity of excess shear stress to 
tributary input. The Qs/Qt range of the rivers can then be used to guide 
further analysis. For example, relationships between tectonics, lithol
ogy, and topography should be examined in zone 3 rivers. In addition, 
excess shear stress serves as a recommended proxy for external forcing, 
especially in zone 2 rivers.

7. Conclusions

This study shows that two rivers, with distinct sediment fluxes, 
exhibit contrasting morphological responses to comparable tectonic and 
lithological gradients. In the sediment-poor Sithas river, excess shear 
stress is sensitive to tributary input, consistent with the tools effect of 
sediment supply (zone 1 in Fig. 1). In contrast, in the sediment-rich 
Phoenix river, with a Qs/Qt of ~0.8, excess shear stress exhibits little 
response to tributary input. This supports the existence of a high Qs/Qt 
zone, in which erosional efficacy approaches a constant (zone 3 in 
Fig. 1). This behaviour is absent from Sklar and Dietrich’s (2004) tools 
versus cover effect model of sediment flux dependent incision but is an 
integral part of the Turowski et al. ’s (2007) model, in which the rate of 
decrease in the exposed bedrock fraction diminishes as Qs/Qt increases. 
This, to our knowledge, represents the first unambiguous field evidence 
favouring Turowski et al. ’s (2007) function and suggests that the 
erosional efficacy of rivers is best described by an asymmetric sediment 
flux function that incorporates tools and cover effects.

In reaching the excess shear stress required to maintain equilibrium, 
the sediment-poor Sithas river mostly adjusts its slope, whereas the 
sediment-rich Phoenix river mostly adjusts its width, except in its up
stream sections. Importantly, the changing importance of slope versus 
width can be explained by flux-dependent behaviour in channels that 
follow Turowski’s relative sediment flux equation. Consequently, we 
conclude that sediment controls channel geometry not only by deter
mining the excess shear stress required to balance boundary conditions, 
but also by influencing how that excess shear stress is partitioned be
tween width and slope adjustments.

The stream power law is a special case of sediment flux-dependent 
incision, and we argue it is most effective where Qs/Qt is relatively 
constant down-system or where the river lies in the high Qs/Qt zone 
characterised here (zone 3 in Fig. 1), in which additional sediment flux 
does not significantly change erosional efficacy. In addition, the finding 
that channel response to external forcing is sediment flux-dependent 
challenges common tectonic interpretations of long profiles because 
some rivers mostly adjust width, rather than slope, in response to forcing 
such as active faulting. To minimise the impact of flux-dependent dy
namics, we advocate examining the Qs/Qt zone of rivers as a routine part 
of fluvial geomorphology.
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