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Abstract

Rock strength influences channel slope by altering substrate erodibility and
the size of sediments supplied to the channels. Although the frequent
presence of knickpoints at lithological boundaries indicates that rock
erodibility significantly determines channel morphology, a growing body of
field evidence suggests that the coarse sediment supply from hard rock units
is a primary factor in channel steepening. To assess the relative effects of
rock erodibility and imposed sediment load on channel slope, five rivers in
Tsugaru, northern Japan were studied, where these rivers flow through
alternating harder volcanic rock and softer sedimentary rock. The minimum
channel slope required to transport both in situ sediments and those
supplied from upstream was calculated. The findings suggest that sediment
effects largely account for the observed variations in channel slope across
both volcanic and sedimentary rocks. The proportion of channel slope
irrelevant to the imposed sediment load was slightly higher in volcanic rock
reaches than in sedimentary rock reaches, which can be attributed to the
lower erodibility of volcanic rock. Considering the grain size distributions of
volcanic and sedimentary rock particles and the calculated impacts of
sediment load, it is argued that the coarse sediment supply from volcanic
rock is the primary cause of the difference in channel steepness between the

rock types in Tsugaru. Although this conclusion holds generally true across
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Tsugaru, certain reaches with locally high channel steepness exhibit more
extensive bedrock exposure than adjacent gentler reaches, suggesting that
contrasts in erodibility also play a significant role in determining the channel
slope. Therefore, examining what factors alter the relative significance of
rock erodibility and sediment load can enhance our understanding of how

rock properties influence longitudinal stream profiles.

Keywords: Rock strength, erodibility, sediment load, grain size
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1 INTRODUCTION

Bedrock properties significantly control topography and the rate of landscape change.
In erosional landscapes, the morphology of channels and erosion rates are associated
with rock erodibility, which depends on rock properties such as the degree of fracturing
and tensile strength (Molnar et al., 2007; Sklar & Dietrich, 2001; DiBiase et al., 2018a;
Turowski et al., 2023). Longitudinal stream profiles are typically steeper in rocks with
low erodibility, allowing erosion to occur at rates comparable to those in rocks with
higher erodibility or to align with the rate of baselevel changes (Hack, 1973; Howard &
Kirby, 1983; Duvall et al., 2004; Bursztyn et al., 2015; Harel et al., 2016; Yanites et
al., 2017). Although rock erodibility is crucial in the evolution of fluvial landscapes, it
does not always manifest in stream profiles. This discrepancy is partly because other
factors such as climate, tectonics, and sediment dynamics might offset the effects of
differential erodibility or exert a more dominant influence on channel slopes (Whipple &
Tucker, 2002; Kirby et al., 2003; Sklar & Dietrich, 2006; Takahashi et al., 2022;
Leonard et al., 2023). Moreover, landscape evolution models have demonstrated that
the apparent disconnect between rock erodibility and channel slope or erosion rates can
result only from the contrast in erodibility when rivers carve through layered rocks with
varying erodibilities (Forte et al., 2016; Perne et al., 2017). Thus, understanding how
and to what extent rock strength determines channel slope is essential for identifying
the drivers of landscape evolution.

Rock strength indirectly influences the channel slopes by affecting the size of sediment
produced on hillslopes. The rivers flowing through bedrock typically become steeper as
they transport a larger volume of sediment downstream because of the need to expose
and incise the bedrock (Hack, 1957; Sklar & Dietrich, 2006; Shobe et al., 2021; Carr et

al., 2023; Sklar, 2024). To assess the impact of sediment load on channel slope, Sklar
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and Dietrich (2006) calculated the minimum channel slope required to entrain bed
materials and transport sediment from upstream to downstream. They explored how
the proportion of the channel slope attributable to the imposed sediment load varied
with the rock tensile strength based on the saltation—abrasion river incision model.
Unlike river incision models that exclude the effects of sediment (e.g., detachment-
limited model), their model predicted that channel slope remained relatively unchanged
with variations in rock tensile strength, with sediment load playing a dominant role in
influencing channel slope. Subsequent studies incorporating sediment terms into river
incision models have confirmed a less pronounced impact of rock strength on channel
slope compared to predictions from models that disregard the sediment effects
(Turowski et al., 2007; Guryan et al., 2024). Hard rocks tend to produce larger, denser,
and more durable grains than soft rocks (e.g., Attal & Lavé, 2009; Sklar et al., 2017),
leading to a longer residence time in channels and a potentially greater impact on
channel slope—a finding that is supported by numerous studies (e.g., Duvall et al.,
2004; Johnson et al., 2009; Thaler & Covington, 2016; Finnegan et al., 2017; Shobe et
al., 2021a; Lai et al., 2021; Anderson et al., 2023). Thaler and Covington (2016)
observed that the normalized channel steepness increased with both boulder size and
the areal fraction of boulder coverage in rivers cutting through bedrock of varying
mechanical strengths. Lai et al. (2021) reported that the channels in softer sedimentary
rocks became steeper when receiving coarse sediments from upstream volcanic rock
units. These observations suggest that the influence of coarse sediment from upstream
hard rock units persists even after transitioning to softer bedrock, affecting the
disparity in channel slopes between rock types.

This study assessed the relative impacts of rock erodibility and imposed sediment load

on channel morphology to reveal how rock type influences river morphodynamics.
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Following the methodologies of Sklar and Dietrich (2006) and Lai et al. (2021), I
calculated the minimum channel slope required to transport the imposed sediment load,
using hydraulic geometry and grain size data from five rivers draining areas with harder
volcanic rock and softer sedimentary rock units in Northern Japan. The findings
indicated that sediment effects could account for most of the variation in channel slope
across both rock types. Additionally, the proportion of the slope component not related
to sediment load was found to be larger in reaches of volcanic rock compared to those
of sedimentary rock, which was attributed to differences in rock erodibility. The
discussion then explores how rock erodibility and sediment load govern the slopes of

mountain rivers.

2 Geologic setting

Tsugaru Mountain is located in northern Japan and primarily comprises Neogene
sedimentary and volcanic rocks, including shale, mudstone, and sandstone (Figure 1).
Around Hakamakoshi-dake, which has the peaks with an elevation of approximately
630 m, basalt and dolerite have intruded into the Miocene sedimentary rocks, creating
a dome structure near the headwaters (Tsushima & Uemura, 1959; Uemura et al.,
1959; Fujii, 1981; Nemoto, 2014). The basaltic rocks display various forms; some are
massive and joint-free, whereas others are densely jointed or deeply weathered (Figure
2). The Tsugaru Fault is a west-dipping reverse fault trending north-south that is
situated on the eastern flank of Hakamakoshi-dake, separating the basaltic dome to the
west from the Plio-Pleistocene sedimentary rocks to the east (Uemura et al., 1959;
Nemoto, 2014). Active since the late Pliocene, this fault has continued its activity up to
the deposition of the Tsurugasaka formation at 0.76 Ma (Suzuki et al., 2005; Mimura,

1979; Nemoto, 2014). With a vertical displacement exceeding 1000 m, the fault has
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caused the adjacent sedimentary and volcanic layers to tilt westward (Mimura, 1979;
Ujiie et al., 2006). Currently, the deformation front is located at the eastern base of the
mountain range (Headquarters for Earthquake Research Promotion, 2004).

This study examines five rivers on the western flank of Tsugaru Mountain (Figure 1).
The river courses, specifically Mosawa, Shikibasawa, Yunosawa, and Ohkurasawa,
alternate between volcanic and sedimentary rocks. The channel slopes of these rivers
are generally steeper over volcanic substrates than sedimentary ones (Figure 3;
Supporting Information Figure S1). However, certain sections such as in Yunosawa
exhibit a decoupling between channel slope and substrate type, indicating that
substrate erodibility may not solely determine longitudinal stream profiles.

In Tanosawa, another surveyed river, the presence of sedimentary rock is minimal.
Both the main stream and a tributary of Tanosawa traverse similar basaltic formations,
yet the main stream, Tn1, exhibits a steeper gradient than the tributary, Tn2 (Figure
3a), suggesting that the channel slope variations are influenced by factors other than
rock erodibility. Understanding why Tn1 is steeper than Tn2 could reveal the factors
influencing channel slope dependency on rock type. Therefore, Tanosawa was included
in this study. It was hypothesized that the observed slope differences might be caused
by the variations in bed material size, resulting from spatial heterogeneity in rock
fracturing (Figure 2). To test this hypothesis and quantify the impact of the sediment
on the channel slope, the same survey methodology was applied in Tanosawa as in the

other four rivers.



139

140

141

142

143

144

145

146

140.5
Igneous — Fault
Tuff — Active fault

Sedimentary

Figure 1. Geology of the study area. Faults and active faults are after Geological survey
of Japan (2023) and Nakata & Imaizumi (2002), respectively. (a) Geologic map is
modified after a 1:200,000 map (Geological survey of Japan, 2023). Inset: location of
the Tsugaru Mountain. (b-d) River sections and their catchment areas investigated in
this study. Geologic map is modified after 1:50,000 maps (Tsushima & Uemura, 1959;

Uemura et al., 1959; Fujii, 1981).
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Figure 2. Bedrock outcrops of basalt. (a) Densely jointed bedrock exposed in a stream

channel. Length of hammer: ~30 cm. (b) Bedrock outcrop with minor surficial cracks.
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Figure 3. Normalized channel steepness (circles) and longitudinal profiles (lines) along

the studied sections. Bar at the top represents channel substrate. (a) Gray and white

circles represent normalized channel steepness of the trunk stream (Tn1) and the

tributary (Tn2). Blue and green lines are stream profiles of Tnl and Tn2.

3 Method

To investigate the influence of rock strength on channel slope, I calculated normalized

channel steepness (k,), hillslope angles along the stream, and normalized wideness of

channels (k,,,). Additionally, a slope component analysis was conducted, which

segmented the current channel slope into two components associated with the imposed

sediment load and a third component unrelated to the sediment load (Sklar and

Dietrich, 2006). It was hypothesized that the proportion of slope components

Elevation (m)
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associated with the sediment load would decrease as the erosional resistance of the
rock increased. This hypothesis was tested by comparing the proportions of slope
components associated with the sediment load between reaches composed of volcanic

and sedimentary rocks.

3.1 Topographic analysis
We calculated the normalized channel steepness, k,, using a 10-m-meshed digital
elevation model (DEM) provided by the Geospatial Information Authority in Japan and
the Topotoolbox (Schwanghart and Scherler, 2014),

ken = SA%res, €Y)
where A denotes the upstream catchment area, and 6, indicates a reference
concavity index (Snyder et al., 2000). The river reaches were segmented every 100 m
along the streams, and the average channel slope and catchment area were computed
for each of these 100-m-long segments. A reference concavity of 0.44 was employed,
as determined by linear regression of all stream data in the log S-log A space
(Supporting Information Figure S1). The analysis focused on river sections with a
drainage area greater than 0.4 km?, excluding colluvial reaches (Supporting
Information Figure S1f; Stock and Dietrich, 2003). A one-sided Wilcoxon rank-sum test
was conducted for each river to determine if kg, values differed significantly between
sedimentary and volcanic rock reaches at a 5% significance level. The null hypothesis
posited that sedimentary rock reaches exhibited smaller k,, values than volcanic rock
reaches.
The variations in hillslope angles along the trunk streams were analyzed to assess their
impact on channel steepness, as these angles influence the rates and processes of

hillslope sediment supply (Roering et al., 2001; Montgomery & Brandon, 2002). The
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hillslopes connected directly to the trunk stream were initially mapped based on slope
aspect derived from the 10-m-meshed DEM. These hillslopes were then subdivided
every 200 m along the streams, and the 16th, 50th, and 84th percentile values of
hillslope angles were calculated.

High-flow width W was measured using a TruPulse®200 laser range finder (Laser
Technology, Inc) and the normalized wideness k,,, was calculated for each site (Allen

et al., 2013).

Kym = WA™bres @

Width measurements were conducted to determine the maximum and minimum values

at the site, and k,,, was calculated using the mean value. As it is not possible to
measure the width during a flood, flood debris, washed out tree roots, vegetation limi
and channel bank heights were used as references (Whittaker et al., 2007). The

exponent b,., was estimated by fitting the following equation to data obtained from

each river:

ts,

W =k, AP 3)

where k, denotes a coefficient and b represents an exponent that is used as b,.;.

3.2 Slope component analysis

To assess the impact of sediment load on longitudinal channel profiles, I conducted a
slope component analysis following the methodologies of Sklar & Dietrich (2006) and
Lai et al. (2021). For bedrock incision to occur, the channel slope must be sufficiently
steep to transport both the sediments from the riverbed and those transported from
upstream reaches and expose bedrock. Based on this premise, Sklar and Dietrich

(2006) decomposed the steady-state channel slope into three components:

S = SDS + ASQS + ASE,

4)
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where S, denotes the threshold slopes for the incipient motion of the bed materials.
AS,, indicates the additional slope above S;,_ to transport sediment supplied from
upstream. AS; indicates the residual slope. S, denotes the slope that makes the

Shields number for a sediment particle (¢*) equal to the critical Shields number (z}).

. SR )
" TRy,
TR, D

SDS = ch: : (6)

D, represents the representative grain size. Specifically, I used the 84 percentile grain
size (Dg,) because coarser grains in a given grain size distribution posed a greater
influence on the channel morphology (MacKenzie et al., 2018; Shobe et al., 2021b). R,

denotes the relative buoyancy density of the sediment.

Ps — Pw
R, =—"—, (7)
T pw

where p, and p, represent the densities of the sediment and water, respectively. R

denotes the hydraulic radius, assuming a rectangular channel cross section.

. WH
T W+2H’

€))
where H denotes the flow depth during the high-flow stage. The minimum and
maximum depths at each site were measured, and the mean value was used. The flow
depth at the time of the survey was measured using both a ruler and a laser
rangefinder. The width and depth near both the downstream and upstream ends of the
river sections where grain size was measured were documented. Details on how I
measured the grain size and density of gravel will be presented in subsequent

paragraphs.

The critical Shields humber proposed by Lamb et al. (2008) is used.

1
177 = 0.155% 9)
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AS,, is computed using an equation for bedload sediment transport proposed by

Fernandez-Luque and van Beek (1976) (Sklar & Dietrich, 2006):

wiN

850, = (" - ) (&) (10)

% represents the ratio of sediment supply to transport capacity (hereinafter, relative

c

sediment supply). The relative sediment supply could not be measured in the field;
thus, the ratio of exposed bedrock (F,) in the channel bed was used as a proxy

(Chatanantavet and Parker, 2008).

S
_2 =1—F 11
QC ¢ ( )

F, was recorded in the field as explained later. Subtracting the sum of S, and AS,
from the total slope yields AS; (Equation 4). Thereafter, each slope component was
multiplied by upstream catchment area to the power of 6,., to obtain the three
components of kg, associated with S, , AS,., and AS; (Lai et al., 2021):

kon = (Sp, + ASqy + ASp)A%rer = ki + k3 + ki (12)
Wolman counting was employed to determine the grain size distributions. Intermediate
axes of a minimum of 100 grains were measured from the surfaces of the gravel bars.
To mitigate biases from inter- and intra-bar variability in grain size, gravel was sampled
from multiple bars. The results represent the grain sizes of a river section extending at
least 50 m along the stream. Additionally, the rock type of each grain was recorded to
assess differences in grain size among rock types. Although several types of
sedimentary and volcanic rocks were present, only two categories were used for
simplicity: sedimentary and volcanic.
In the laboratory, the densities of these rock types were measured. In total, 51 grains
of each type were collected, which exhibited densities of 1.82x103 kg/m?3 for

sedimentary rocks and 2.28x103 kg/m?3 for volcanic rocks. Wolman counting indicated
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that, on average, volcanic rock grains constituted 77% of the grains at each site.
Consequently, a weighted average density (p;) of 2.17x103 kg/m3 was calculated based
on the average abundance of each rock type at the channel bed.

The degree of bedrock exposure on the riverbed (F,) was documented either visually or
using an orthomosaic image, the latter being employed when the river channel was not
obscured by vegetation. Owing to the narrow, vegetation-enclosed channels, using an
unpiloted aerial vehicle was impractical. Instead, photographs were taken with a
camera attached to a long pole, and the exposed bedrock areas were recorded on an
iPad mini (6™ generation, Apple Inc.). These images were then used to create an
orthomosaic with AgiSoft Metashape software. The orthomosaic was imported into QGIS
for F, calculation. For visual estimates, an uncertainty of £0.1 was noted. In cases
where no exposed bedrock was visible, F, was assumed to be between 0 and 0.1, and a
default value of 0.05 was used because of the difficulty of thoroughly inspecting the

riverbed.

4 RESULTS

4.1 Channel steepness in a catchment of single rock type

The average k,, values in the two Tanosawa channels (Tn1 and Tn2) were 30 m°-8 and

19 m%-88, respectively. (Figure. 3, Table 1). The average k,, components related to

Qs

sn1’1

sediment caliber, k2 and k%, were greater in Tn1 than in Tn2 by 3.7 and 7.9 m0:88,

D,

respectively. In both streams, the sum of k2> and k% accounted for at least 85% of

the total k., (Figure 4), indicating that the difference in kg, between the two streams
resulted from differences in k2 and k%5,

Furthermore, I focused on the variables that caused the difference in k2 and k%

between Tnl and Tn2. The average values for the three key parameters (R, Ds4, and F,)
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are listed in Table 1, which was used to evaluate S, and AS,. (Equations 6 and 10).
The hydraulic radius R was 1.2 times greater in Tnl than in Tn2, which reduced kf;
and k% in Tn1 relative to those in Tn2. Wolman count was conducted at four and three
sites in Tnl and Tn2, respectively. The resulting Dss was 1.4 times greater in Tnl than
in Tn2. Given the uncertainty involved in estimating F,, F, is almost similar or slightly
smaller for Tnl. As Q. increases with the local channel slope, the similar bedrock
exposure in Tnl and Tn2, despite the greater channel slope in Thl, suggests that Tn1l

was more strongly affected by the sediment load supplied upstream.
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Figure 4. Comparison of k, associated with the imposed sediment load (kf,i and kf,f)

and total kg, in Tanosawa.

Table. 1. Channel and sediment characteristics in Tanosawa. The numbers except for

Ds4 are average values over the studied section.

k kPs k2s
(m0-88) (m0-88) (m0-88) R (m) Dss (cm)  F, (%)
Tnl 30.2 12.0 16.7 0.7 19 10.6

Tn2 18.5 8.3 8.7 0.6 14 20.3
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4.2 Difference in k;,, components between rock type

In Mosawa, the average kg, was twice as high in volcanic rock reaches compared to

sedimentary rock reaches (Figure 3b). A one-sided Wilcoxon rank-sum test confirmed

that kg, values were significantly higher in volcanic rock (p = 1.2 x 10™%). The

combined k., from the imposed sediment load (kf,; and kf,f) accounted for 96% of the

total kg, on average, ranging from 85-99% in sedimentary rock reaches and 73-99%

in volcanic rock reaches (Figures 5a, 6a). These findings suggest that variations in k.,

were primarily caused by sediment effects.
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and total k,, for volcanic and sedimentary rock. (e) Results of four rivers. Thin green

line at the bottom represents the difference in total k,, between rock types predicted

by the tentative regression analysis. Refer to the main text for the details. (f)

Cumulative distribution function of the ratio of slope component associated with the

sediment load and total slope.

In Mosawa, grain size did not significantly change in the most upstream section but

began to decrease downstream near the lithologic boundary at 2460 m (Figure 5e). The

hillslope angles were considerably steeper in the upstream section underlain by basaltic

rock compared to the downstream section (Figure 7a).
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In Shikibasawa, the average kg, in volcanic rock reaches was 1.3 times larger than that

in the sedimentary rock reaches (Figure 3c). A one-sided Wilcoxon rank-sum test also

confirmed significantly higher k,, values in volcanic rock reaches (p = 1.2 x 102) at a

5% significance level. In the most upstream section, where sedimentary rock layers

occurred intermittently, kg, values did not exhibit clear variation with the rock type

(Figure 3c). However, downstream from 2660 m, the k,, values increased and then

decreased at 600 m, coinciding with a transition from volcanic to sedimentary rock

(Figure 3c). The sum of kf,i and kf,f accounted for 87% of the total k,, on average,

with 69-99% in sedimentary rock reaches and 63-98% in volcanic rock reaches

(Figures 5b, 6b).



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

In Shikibasawa, although the Dss did not systematically decrease across the studied
sections, the 95th percentile grain size (Dss) downstream from 570 m was significantly
smaller than upstream values. This reduction in Dgs corresponded with the bedrock
transition from volcanic to sedimentary rocks. Regarding bedrock exposure (F,), despite
significant local variations rendering it difficult to discern a general trend, bedrock was
more extensively exposed in the upstream reaches (distance > 600 m) dominated by
volcanic rock than in the most downstream reaches underlain by sedimentary rock. The
hillslope angles increased slightly downstream in the headwaters (distance > 3000 m)
and remained relatively constant throughout the studied section (Figure 7b).

In Yunosawa, the local variation in k., was large and did not correspond to the changes
in the bedrock (Figure 3d). The volcanic and sedimentary rock reaches exhibited similar
k., values that were indistinguishable in a two-sided Wilcoxon rank-sum test (p =
0.86). The mean ratio of the sum of k> and k% to total k;, was 95% for all the data.

kPs

sn

and kf,f occupied 91-98% of total k., in the reaches of sedimentary rock and 76—
98% in the reaches of volcanic rock (Figures. 5c, 6c).

The grain size in Yunosawa varied widely over short distances and did not follow a
systematic trend as predicted by Sternberg’s law (Figure 5g). The hillslope angles were
consistent across the studied sections (Figure 7c). Although observations of F, were
limited, the bedrock was relatively well-exposed in an area between approximately
1000-1500 m, which roughly corresponded to the section with a higher k,, (1250-
1600 m in distance) compared to neighboring sections (Figures 3d and 5g).

In Ohkurasawa, although k., did not vary markedly upstream from 800 m, it started to
increase downstream at 800 m, where the channel substrate changed from
sedimentary to volcanic (Figure 3e). The average k., is 26.1 and 50 m°388 for the

sedimentary and volcanic rock, respectively. The difference in k., between rock types
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was significant in a one-sided Wilcoxon rank-sum test (p = 6.3 x 10-3). The sum of kfg

and kf,f accounted for 92% of total k,, on average, 84-95% for reaches of
sedimentary rock, and 90-98% for reaches of volcanic rock (Figures 5d, 6d).

The grain size was significantly larger in the steeper downstream section compared to
the gentler upstream section (Figure 5h). The hillslope angles also increased
downstream near the lithologic boundary at approximately 1000 m, where volcanic rock
began to outcrop in the upper parts of the hillslopes (Figures 1d and 7d). The upstream
of this lithologic boundary, the hillslope angles did not exhibit clear variations with the
rock type.

Overall, the sum of k2 and k% accounted for 94% of total k,, on average, indicating
that the effects of the imposed sediment load could mostly explain the variation in total

ks, (Figure 6e). Figure 6f displays the cumulative histogram of the ratio of S, + AS,

(kf,§+kf,f) to total slope (kq,) for sedimentary and volcanic rock. The effects of the
sediment load explain a smaller fraction of the total k,, for the reaches of volcanic rock
than that for the reaches of sedimentary rock. The difference in the fraction of S, + AS,,
between the rock type is significant in a one-sided Wilcoxon ranksum test (p = 1.6 X

10-3; null hypothesis: the fraction of S, + AS,, is smaller for the reaches of sedimentary

rock than those of the volcanic rock). To quantify the difference in k£, between the two

rock types, I performed a regression analysis of k2s+k25 and the total kg, and
calculated the difference between the predicted total kg, of the volcanic and
sedimentary rocks. We assumed an exponential relationship because it yielded a higher
R? value than linear and power relationships. The resulting difference in the predicted
total kg, values was 0.9-2.3 m?%88 (green line in Figure 6e), which is 5-7% of the

predicted total k,, for volcanic rock. This result signifies that when the impact of the

imposed sediment load on total kg, is the same between rock types, total kg, in
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volcanic rock is only 5-7% greater than k., in sedimentary rock. However, if I consider
the difference between the maximum and minimum bounds of the 95% prediction
intervals of the predicted total k,, for volcanic and sedimentary rocks, i.e. the
maximum difference in the predicted k£, between rock types, the difference in total k.,

becomes 26-53% of the total kg, for volcanic rock.

4.3 Size and composition of bed materials

This section examines the variation in grain size and the proportion of specific rock
particles across different sites. Among the 7,114 grains collected, 73% were of volcanic
origin. The median grain size (Dso) of volcanic rocks was 2.1 times larger than that of
sedimentary rocks (Figure 8a). The Dso ratio between volcanic and sedimentary rocks
varied across the four rivers studied—Mosawa, Shikibasawa, Yunosawa, and
Ohkurasawa—with values ranging from 1.9 to 3.2 (Supporting Information Figure S2).
Similarly, the Ds4 and Dgs of volcanic rocks were larger than those of sedimentary rocks,
and the magnitude of the difference between the rock types varied across the four
rivers (Figures 8a and Supporting Information Figure S2). This variation suggests that
the initial grain size distributions, which are supplied from hillslopes to channels, differs
from one basin to another.

To explore the impact of changes in sediment source on bed material composition, the
proportion of volcanic particles in each Wolman count was calculated and compared
with the proportion of volcanic rock units within the catchment area at each site (Figure
8b). The colors of the points in Figure 8b represent the ratio of the Ds4 for the volcanic
and sedimentary rock particles (Dy?* and D3¢, respectively). Despite the sampling
biases associated with the Wolman count method (Bunte & Abt, 2001), which typically

favor the selection of larger particles, the proportion of volcanic particles did not
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correlate with D¥2'/D$¢¢ (Figure 8b). This suggests that sampling biases had minimal
impact on the results. In the Mosawa River, where basaltic rocks occur only in the
upstream half of the catchment (Figure 3), the proportion of basaltic particles in the
riverbed decreases downstream as the basaltic rock units occupy a smaller area of the
catchment (grey circles in Figure 8b).

Despite this, the proportion of basaltic particles remains above 64% even when basaltic
rock constitutes only 45% of the upstream area, indicating an overrepresentation of
basaltic gravel in the riverbed. In contrast, in the other three rivers where volcanic and
sedimentary rocks are interspersed throughout the studied reach, no clear correlation
was observed between the proportion of volcanic grains in the riverbed and in the

catchment area, potentially because of the intermittent supply of volcanic rock .
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Figure 8. (a) Cumulative frequency of b-axis for particles of sedimentary and volcanic
rock. (b) Effect of changing sediment source on the proportion of volcanic particles at
the channel bed. The color indicates the ratio of the 84th percentile grain size for the
volcanic and sedimentary rock particles measured in each Wolman count. Gray circles

are data in Mosawa.
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4.4 Dependency of channel width on rock type

Figure 9 presents the channel widths measured at 102 sites alongside the results of the
regression analysis (Equation 3). Across all rivers, a gradual increase in channel width
with drainage area was observed. The exponent b in Equation 3 varied from 0.24 to
0.47 across individual rivers, with an overall value of 0.39 for the entire dataset, a
typical value for mountain streams (Montgomery & Gran, 2001). In Tanosawa, despite
larger grain sizes and higher k., values in the trunk stream Thl compared to the
tributary Tn2, the k,,, values were statistically similar between Tnl and Tn2 as
indicated by the two-sided Wilcoxon rank-sum test (Figure 9a, p = 0.54). In Mosawa
and Shikibasawa, the median k,, was slightly higher in volcanic rock reaches than in
sedimentary rock reaches (Figures 9b and 9c¢); however, these differences were not
statistically significant at the 5% level, even with a one-sided Wilcoxon rank-sum test
(p = 0.06 for both Mosawa and Shikibasawa; the null hypothesis being that %, is
smaller for volcanic rock reaches than for sedimentary rock reaches).

The median k,, in Yunosawa was significantly larger for volcanic rock reaches than for
sedimentary rock reaches (p = 0.028 in the two-sided Wilcoxon rank-sum test) (Figure
9d). Conversely, in Ohkurasawa, the median k,,, was significantly larger for
sedimentary rock reaches than for volcanic rock reaches (p =0.032 in the two-sided
Wilcoxon rank-sum test) (Figure 9e). Overall, no significant differences in k,,,, between
volcanic and sedimentary rocks were found in the two-sided Wilcoxon rank-sum test (p

= 0.12), suggesting that factors other than rock strength influence channel width.



456
457

458

459

460

461

462

463

464

465

466

467

468

469

470

(a) Tanosawa (b) Mosawa (c) Shikibasawa
W=k AP 2 2
1l W 4 1L R20.85 - 1L R2,0.49 4
107 Tni 1 10°F ’ i 1 10°F ! ]
~ [ R,053 o i~ k,, 0.014 Sedi I~ K,, 5.5%10°7 °
€ K. 0.17 1E b, 0.41 1€ b, 0.47
~ b, 024 @ 1~ 1~ °
£ 15 IS
° Tn2 ° kS)
Median k,, (b, 0.24) | | o Median k,, (b, 0.41) | i Median k,, (b, 0.47)
Tni, 0.17 Tn2, 0.17 Volc Volc, 0.015 Sedi, 0.014 Volc, 5.7%10° Sedi, 5.1%10°
| L MR A I | il
10° 0 10° o 10° 5
10 10 10
Area (kmz) Area (kmz) Area (kmz)
(d) Yunosawa (e) Ohkurasawa (f) All
L R ) 4 L R _ L R o i
101k R: 050 1 1olf RwO71 1 1gl} R%0.74 |
~ k,, 0.076 o i~ k,, 0.014 {1~ k,, 0.018
£ b, 0.30 ) 1E b, 0.41 4 1E b, 0.39
~— ~— N—
< c W c
+J 142 1+
2 = =
= = =
Median k,, (b, 0.3) | I Median k,, (b, 0.41) | | o Median k., (b, 0.39)
Volc, 0.079 Sedi, 0.071 Volc, 0.013  Sedi, 0.014 Volc, 0.018  Sedi, 0.018
| I | il MR A
10° 0 10° o 10° 5
10 10 10
Area (kmz) Area (kmz) Area (kmz)

Figure 9. (a-e) Variation of channel width in each river and (f) whole study area. The
numbers at the top left and the gray line show the results of curve fitting and the

predicted width, respectively. Circles in (b-f) are colored by channel substrate.

5 Discussion

5.1 Quantifying the impact of sediment on stream profiles in mono-

lithologic catchment

The analysis revealed that the difference in total k,, between Tnl and Tn2 in Tanosawa

corresponded to the differences in kf; and kf,f (Table 1). Given their proximity of only

a few hundred meters, it is likely that Tnl and Tn2 experienced similar climatic and
tectonic forces, aligning with the observation that variations in k,, predominantly
resulted from sediment impacts. Although the possibility that rock erodibility
significantly differs between Tn1l and Tn2 due to heterogeneous macro- and microscopic

rock properties cannot be entirely ruled out (e.g., Turowski et al., 2023), the major
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cause of the contrasting profiles between Tnl and Tn2 is argued to be the difference in
grain size, as they exhibit similar k,, values and hillslope angles, which are also
influenced by rock properties (Allen et al., 2013; Roda-Boluda et al., 2018). These
findings in Tanosawa support the observations in the other four streams that sediment
load significantly contributes to the total k., (Figures 6e, 6f).

The results of Tanosawa highlight the significance of acknowledging the spatial
heterogeneity of rock properties within a geological unit and its impact on the grain size
distribution in channels. Basaltic gravel constitutes 83-97% of the total gravel
measured in Tanosawa, suggesting that the differences in grain size between Tn1l and
Tn2 can be attributed to the initial grain size distribution of basaltic rock on hillslopes.
Basaltic rocks in Tanosawa appear in various forms, including outcrops with sparse or
dense joints and severe spheroidal weathering (Tsushima & Uemura, 1959; Uemura et
al., 1959).

Although vegetation cover limited detailed observations of the bedrock outcrops, the
heterogeneity of rock properties probably caused the differences in grain size between
Tnl and Tn2. The sizes of volcanic gravel in four other streams also varied significantly
(Supporting Information Figure S2), implying that the local changes in the size of
volcanic gravel induced by varying degrees of fracturing, weathering, and mass
movement are common in this area. Although numerous studies including the present
research demonstrate that the imposed sediment load rather than rock strength
controls the morphology of mountain rivers, the findings of this study confirm that it is
important to reveal how rock properties dictate the size and rates of sediment supply

into channels (Sklar et al., 2017).
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5.2 Relative importance of rock erodibility and sediment load on

setting channel slope

This section initially addresses the transient response to the uplift of Tsugaru Mountain
and the variation in channel width between rock types that potentially contribute to the
observed variation in kg,. It then examines how the substrate rock type influences
longitudinal channel profiles.

The uplift of Tsugaru Mountain, initiated in the late Pliocene due to the activity of the
Tsugaru fault (Nemoto, 2014), has not been precisely dated. However, the five streams
studied may still be in a transient state, as adjustments to changes in base-level fall
rates can take millions of years (Whittaker et al., 2007; Yanites, 2018; Takahashi et al.,
2023). A sustained increase in the rate of base-level change can create a knickpoint
that propagates upstream, dividing the stream into a steeper downstream section and a
gentler upstream section. After the knickpoint passes, changes in channel width (k,,,,)
and the angles of adjacent hillslopes may occur (Whittaker et al., 2007; Hurst et al.,
2012; Yanites, 2018; Baynes et al., 2022; Takahashi et al., 2023). Despite the
presence of numerous knickpoints in the studied catchment, they do not correspond
with changes in the reach average kg, or systematic alterations in hillslope angles and
k,» (Figures 3, 7, and 9). Therefore, it can be concluded that the transient response to
changes in uplift rates has a negligible effect on kg,.

Thereafter, I examined whether the difference in k,, between the rock types affected
the variations in kg,. Although the reaches of volcanic and sedimentary rocks exhibited
similar k,,,, values in Tanosawa, Mosawa, and Shikibasawa, the reaches of volcanic rock
displayed marginally larger k,,, values in Yunosawa and smaller k,, values in
Ohkurasawa than those of sedimentary rock (Figure 9). Generally, wider channels

require steeper slopes than narrower channels to achieve equivalent incision rates.
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Therefore, the differences in k,,,, between rock types in Yunosawa and Ohkurasawa
might have influenced the observed kg, values. Nonetheless, since the difference in
channel width between rock types is accounted for in the slope component calculations
(Equations 6 and 10) and the median k,, varies by only 10% between rock types,
omitting the channel width difference does not alter the interpretation of how rock
erodibility and sediment load impact channel slope.

Subsequently, I explored how substrate rock type influences channel morphology
through its erodibility and the supply of coarse sediment. The slope components related
to the imposed sediment load predominantly explain the variation in channel slope. The
proportion of the residual component, AS;, averages 3% and ranges from 1% to 38%.
This proportion of AS; is generally higher in volcanic rock reaches than in sedimentary
rock reaches (Figure 6f). This disparity in AS; between the rock types can be attributed
to the differential rock erodibility, as climate, tectonics, and k,,, do not account for the
variation in AS;. Despite potential large uncertainties, the regression analysis revealed
that the difference in k£, between rock types amounts to only 5-7% of the predicted
ks, for volcanic rock (Figure 6e). Even in an extreme case scenario that used the 95%
prediction interval, the difference in k£, between rock types ranged from a quarter to
half of the predicted k,, for volcanic rock. Thus, the influence of rock erodibility is
considerably smaller than that of the imposed sediment load, which is consistent with
the predictions from theoretical models (Sklar & Dietrich, 2006; Turowski et al., 2007).
The major influence of the sediment load on channel slope relative to rock erodibility
suggests that the capacity of rock to supply coarse and immobile materials into
channels determines the shape of longitudinal profiles. Sediment particles from hard
rocks are typically coarser (Roda-Boluda et al., 2018), exhibit lower mass loss rates

during transport (Attal & Lavé, 2009; Bodek & Jerolmack, 2021), and are denser than
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those from soft rocks (Turowski et al., 2023). These characteristics contribute to the
selective deposition and extended residence time of particles from harder rocks
compared to those from softer rocks, as suggested by the disproportionate presence of
volcanic gravel in the bed relative to the areal extent of volcanic rock in the catchment
(Figure 8b). Consequently, the impact of sediment load can persist even when the
bedrock transitions downstream from harder to softer types, thereby diminishing the
disparity in channel steepness between different rock types (Johnson et al., 2009;
Thaler and Covington, 2016; Finnegan et al., 2017; Lai et al., 2021). Thus,
understanding the relationship between channel steepness and rock type necessitates
an examination of how rock properties influence the sediment size supplied to channels
(Sklar et al., 2017).

The predominant role of sediment load in determining channel slope complicates the
assessment of a uniform response among mountain rivers in a region to changes in
lithology and external conditions. Local factors such as proximity to tributary junctions,
bedrock exposure along channels (Rice, 1998; Rice & Church, 1998), and
heterogeneous rock properties influence the grain size distributions of bed material
(DiBiase et al., 2018b; Verdian et al., 2021). The downstream evolution of grain size
does not always follow the simple model (e.g., Sternberg’s law) because of varied
sediment sources and the mixing of rocks with different durability (Rice & Church,
1998; Attal & Lavé, 2006). Moreover, sediment dynamics can impact channel width
(MacKenzie & Eaton, 2017), potentially causing alterations in channel slope (Yanites,
2018). Therefore, it is reasonable to expect variations in the differences in kg, and k,,,
between rock types from one catchment to another on Tsugaru Mountain, where the
disparity in grain size between rock types varied between catchments (Supporting

Information Figure S2).
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The dominance of either the tool or cover effect of sediment on erosion may dictate
channel responses to changes in rock type. The erosional efficiency is influenced by the
relative sediment supply (Sklar & Dietrich, 2001; Cowie et al., 2008; Scheingross et al.,
2014). In a case of low relative sediment supply (tool regime), an increase in sediment
supply accelerates erosion. Conversely, in a case of high relative sediment supply
(cover regime), an increase in sediment supply inhibits erosion. Therefore, when a
transition in rock type coincides with an increased sediment supply in the tool regime,
the rivers can maintain similar erosion rates while reducing their channel slope from its
original value (Sklar & Dietrich, 2004). In the cover regime, however, the channel slope
must increase to counteract the increased sediment supply resulting from changes in
rock type and maintain similar erosion rates across lithologic boundaries. Additionally,
the temporal variations in the channel slope caused by the knickpoint passage or
damming via slope failure may locally shift a reach from the cover to the tool regime or
vice versa, thereby complicating the interpretation of how rock type influences channel
slope. Although testing these hypotheses was beyond the scope of this study, future
laboratory and numerical experiments could explore how rivers in the tool and cover
regimes respond to variations in rock erodibility and sediment supply.

Although the channel slope is typically influenced by sediment load, the variations in
rock erodibility between the rock types are evident in the study area. Waterfalls
predominantly occur in volcanic rock reaches and near lithologic boundaries (Figure 3).
These local highs of k., are probably attributable to low rock erodibility, as bedrock
exposure is more extensive in these steep reaches compared to adjacent gentler areas.
This observation is supported by the model predictions of Guryan et al. (2024), who
employed a modified version of the stream power model incorporating the conservation

and transport of eroded mass (Shobe et al., 2017). Their analysis of river profiles



595 incising layered rock revealed that higher channel slopes in hard rock, relative to soft
596 rock, caused by the differences in rock erodibility, lead to greater sediment entrainment
597 rates in hard rock reaches. Consequently, this results in a thinner sediment cover in
598 areas of hard rock.

599  The results of Guryan et al. (2024) align with observations in Tsugaru; however, it is
600 important to note that the thinning of the alluvial cover discussed occurs when the

601 sediment supply remains relatively constant (Guryan et al., 2024). As such, significant
602 differences in the size and quantity of sediment from adjacent hillslopes with rock type
603  can negate the effects of increased entrainment rates and lead to thicker alluvial cover
604 in areas with hard rock. In Tsugaru, the observed local increases in kg, did not

605 correspond to the abrupt changes in hillslope angles or tributary junctions, indicating
606  minor variations in sediment supply. Investigating these steeper reaches with thinner
607 alluvial cover could reveal the conditions under which the influence of rock erodibility on
608 channel slope outweighs that of the imposed sediment load. However, studying such
609 steep reaches was impractical, as they were exceedingly steep to traverse for several
610 hundred meters along the channel and lacked numerous subaerial bars necessary for
611 measuring more than 100 grains.

612  The variation in rock layers with differing erodibilities may have also contributed to the
613  apparent decorrelation of rock erodibility and the channel slope in Tsugaru. When

614  bedrock incision rates are highly dependent on rock erodibility, as seen under the

615 detachment-limited condition in the stream power model (Whipple & Tucker, 1999),
616 differential incision across each rock unit modifies the rates of local base-level change
617  at their interfaces (Forte et al., 2016; Perne et al., 2017). This local base-level change
618 can lead to a steeper channel slope or slower incision in softer rocks compared to

619  harder rocks (Forte et al., 2016; Perne et al., 2017). In Tsugaru, volcanic rock intrudes
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into sedimentary rock, forming sills of varying thicknesses parallel to the bedding of the
sedimentary rock (Tsushima & Uemura, 1959; Uemura et al., 1959). The stratified
structure was most evident at Yunosawa, where the substrate rock alternated
frequently within the middle of the studied reach (Figures 1d and 3d). Unlike the four
other rivers studied, k,, values in the volcanic and sedimentary rocks at Yunosawa
were statistically indistinguishable, potentially because of the local base-level changes

caused by differential incision in the volcanic and sedimentary rocks.

5.3 Limitations in the slope component analysis

Slope component analysis is a valuable method for quantifying the contributions of
imposed sediment load to longitudinal stream profiles using field-measurable
parameters (Sklar & Dietrich, 2006; Lai et al., 2021). However, certain parameters
required for this analysis are not easily measurable in the field and depend on the
selection of theoretical or empirical equations. In this discussion, I address the
challenges in calculating S, and AS,. and provide their minimum estimates.

A primary concern is the entrainment threshold, t;. We adopted 7 proposed by Lamb
et al. (2008), which is a simple function of channel slope. This threshold is practical for
field studies and is applicable to headwater streams, as it is derived from both flume
and field data encompassing a channel slope up to 0.2, typical of headwaters.
Nonetheless, accurate estimation of 7} has proven extremely challenging (Buffington &
Montgomery, 1997; Petit et al., 2015; Phillips et al., 2022; Perret et al., 2023; Hodge
et al., 2024). Among the various factors causing spatial and temporal variations in 7},
grain protrusion is arguably the most significant when calculating the slope component
related to the entrainment threshold (S, ). Coarser grains in a given grain size

distribution tend to protrude from the bed, exposing a larger area to the flow. This
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modifies 7} based on the protruded height of the grain relative to Dso (Hodge et al.,
2019; Smith et al., 2023), significantly reducing t; for grains sized Ds4 compared to the
value predicted by Equation 9, which is based on the median-sized grains (Lamb et al.,
2008).

Despite these complexities, I argue that the slope component S, remains critical
because the residence time of gravel in the channel is influenced by both the frequency
of entrainment and the transport distance. Vazquez-Tarrio et al. (2019) and Liébault et
al. (2023) have compiled published data on gravel transport using passive and active
tracers, respectively. Their findings reveal that the transport distance of gravel
decreases exponentially with size relative to the median grain size. Furthermore, once a
large grain on the bar is entrained, the bed roughness decreases, and the grains
previously sheltered by the entrained grain become more mobile. Therefore, although
estimates of S, may vary significantly when accounting for grain protrusion, the
impact is mitigated by the exponential reduction in transport distance with size and the

reorganization of the bed following the entrainment of coarse grains.

Quantifying the relative sediment supply % from the areal fraction of exposed bedrock

F, (Equation 11) presents a significant challenge. Flume experiments conducted by
Chatanantavet and Parker (2008) demonstrated that F, either linearly decreases with
an increase in the relative sediment supply or abruptly dropped from 1 (fully exposed)
to 0 (no exposure). Subsequent studies confirmed both gradual and abrupt alluviation
(Johnson & Whipple, 2010; Inoue et al., 2014; Mishra & Inoue, 2020; Cho & Nelson,
2024), and the rate of change in F, with the increasing relative sediment supply is
much more diverse than predicted by Equation 11, partly due to the relative surface

roughness of the alluvial cover and bedrock (Mishra & Inoue, 2020). However, owing to
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the lack of constraints on the roughness of the bedrock, discussing the uncertainty in
the relative sediment supply calculated in Tsugaru is not feasible.

The difficulties with accurate constraints on S, and AS,, indicate that their minimum
estimates can be presented to ensure the validity of the present findings. For S, I
used 7; =0.02, which is roughly one-third of the values predicted by Lamb et al. (2008)
and in the smallest range reported in previous studies (Buffiington & Montgomery,

1997; Petit et al., 2015; Perret et al., 2023). For AS,,, I set F,=0.7 for all sites, the
minimum value observed in Tsugaru (Figure 5) and used %=0.3, which is generally

lower than the values predicted by the existing models (Mishra & Inoue, 2020). Except

for z; and %, I used the same parameters as those used to calculate S, and AS,,

displayed in Figure 5. The resulting sum of S, and AS,. occupies 47-64% of total
slope, which is approximately 57% of the values on average presented in Figure 6f.
Therefore, I can reasonably conclude that the imposed sediment load controls the

channel slope more strongly than rock erodibility.

6 Conclusions

The minimum channel slope required to transport the imposed sediment load for five
rivers in the Tsugaru Mountain region were calculated to determine that the sediment
load generally exerts a stronger influence on channel slope than rock erodibility. This
finding persists even when using very small values for the threshold of incipient motion
and relative sediment supply to estimate sediment effects. Additionally, the locally
steepened reaches with the thinner alluvial cover possibly resulted from contrasts in
erodibility, which is consistent with previous model predictions. These observations

confirm that rock strength influences stream profiles by modulating erosional resistance
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and the mobility of rock particles. They suggest that future studies should investigate
the conditions under which the effects of rock erodibility outweigh the impact of
sediment load. The slope component analysis facilitates the quantification of sediment
impact, which is challenging to estimate in the field. However, it is important to
acknowledge that the uncertainty in the results could not be evaluated easily due to

difficulties in constraining the entrainment threshold and relative sediment supply.
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