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Abstract 12 

 13 

Rock strength influences channel slope by altering substrate erodibility and 14 

the size of sediments supplied to the channels. Although the frequent 15 

presence of knickpoints at lithological boundaries indicates that rock 16 

erodibility significantly determines channel morphology, a growing body of 17 

field evidence suggests that the coarse sediment supply from less erodible 18 

rock units is a primary factor in channel steepening. To assess the relative 19 

effects of rock erodibility and imposed sediment load on channel slope, I 20 

studied five rivers in Tsugaru, northern Japan. These rivers flow through 21 

alternating volcanic rock and sedimentary rock. The minimum channel slope 22 

required to transport both in situ sediments and those supplied from 23 

upstream was calculated using slope component analysis. The findings 24 

suggest that sediment effects largely account for the observed variations in 25 

channel slope across both volcanic and sedimentary rocks. The proportion of 26 

channel slope not explained by the imposed sediment load was slightly 27 

higher in volcanic rock reaches than in sedimentary rock reaches, which can 28 

be attributed to the lower erodibility of volcanic rock. Based on the grain size 29 

distributions of volcanic and sedimentary rock particles and the calculated 30 

impacts of sediment load, I conclude that the coarse sediment supply from 31 

volcanic rock is the primary cause of the difference in channel steepness 32 

between the rock types in Tsugaru. Although this conclusion holds generally 33 



true across Tsugaru, certain reaches with locally high channel steepness 34 

exhibit more extensive bedrock exposure than adjacent gentler reaches, 35 

suggesting that contrasts in erodibility also play a significant role in 36 

determining the channel slope. Therefore, examining what factors alter the 37 

relative significance of rock erodibility and sediment load can enhance our 38 

understanding of how rock properties influence longitudinal stream profiles. 39 

 40 
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1 INTRODUCTION 43 

Bedrock properties significantly control topography and the rate of landscape change. 44 

In erosional landscapes, the morphology of channels and erosion rates are associated 45 

with rock erodibility, which depends on rock properties such as the degree of fracturing 46 

and tensile strength (Molnar et al., 2007; Sklar & Dietrich, 2001; DiBiase et al., 2018a; 47 

Turowski et al., 2023). Longitudinal stream profiles are typically steeper in rocks with 48 

low erodibility, allowing erosion to occur at rates comparable to those in rocks with 49 

higher erodibility or to align with the rate of baselevel changes (Hack, 1973; Howard & 50 

Kerby, 1983; Duvall et al., 2004; Bursztyn et al., 2015; Harel et al., 2016; Yanites et 51 

al., 2017; Gallen, 2018). Although rock erodibility is crucial in the evolution of fluvial 52 

landscapes, it does not always manifest in stream profiles. This discrepancy is partly 53 

because other factors such as climate, tectonics, and sediment dynamics might offset 54 

the effects of differential erodibility or exert a more dominant influence on channel 55 

slopes (Whipple & Tucker, 2002; Kirby et al., 2003; Sklar & Dietrich, 2006; Takahashi 56 

et al., 2022; Leonard et al., 2023). Moreover, landscape evolution models have 57 

demonstrated that the apparent disconnect between rock erodibility and channel slope 58 

or erosion rates can result only from the contrast in erodibility when rivers carve 59 

through rocks with varying erodibilities (Forte et al., 2016; Perne et al., 2017; Fox et 60 

al., 2023; Smith et al., 2024). Thus, understanding how and to what extent rock 61 

erodibility determines channel slope is essential for identifying the drivers of landscape 62 

evolution. 63 

Rock erodibility indirectly influences the channel slopes by affecting the size of sediment 64 

produced on hillslopes. When bedrock rivers transport a large volume of sediment, they 65 

typically become steeper to expose and incise the bedrock (Hack, 1957; Sklar & 66 

Dietrich, 2006; Shobe et al., 2021a; Carr et al., 2023; Sklar, 2024). To assess the 67 



impact of sediment load on channel slope, Sklar and Dietrich (2006) calculated the 68 

minimum channel slope required to entrain bed materials and transport sediment from 69 

upstream to downstream. They explored how the proportion of the channel slope 70 

attributable to the imposed sediment load varied with the rock tensile strength based 71 

on the saltation–abrasion river incision model. Their model predicted that channel slope 72 

remained relatively unchanged with variations in rock tensile strength, with sediment 73 

load playing a dominant role in influencing channel slope (Sklar and Dietrich, 2006). 74 

Subsequent studies incorporating sediment terms into river incision models have 75 

confirmed a less pronounced impact of rock erodibility on channel slope compared to 76 

predictions from models that disregard the sediment effects (Turowski et al., 2007; 77 

Guryan et al., 2024). Less erodible rocks tend to produce larger, denser, and more 78 

durable grains than erodible rocks (e.g., Attal & Lavé, 2009; Sklar et al., 2017). These 79 

characteristics of less erodible rocks lead to a longer residence time in channels and a 80 

potentially greater impact on channel slope, which is supported by numerous studies 81 

(e.g., Duvall et al., 2004; Johnson et al., 2009; Thaler & Covington, 2016; Finnegan et 82 

al., 2017; Shobe et al., 2021a; Lai et al., 2021; Anderson et al., 2023). Thaler and 83 

Covington (2016) observed that the normalized channel steepness increased with both 84 

boulder size and the areal fraction of boulder coverage in rivers cutting through bedrock 85 

of varying mechanical strengths. Lai et al. (2021) reported that the channels in 86 

sedimentary rocks became steeper when receiving coarse sediments from upstream 87 

volcanic rock units that are mechanically stronger and less erodible than sedimentary 88 

rocks. Baynes et al. (2020) showed rivers draining relatively hard graywacke units have 89 

wider channel width than those do not. These observations suggest that the influence of 90 

coarse sediment from upstream less erodible rock units persists even after transitioning 91 

to erodible bedrock, affecting the disparity in channel geometries between rock types. 92 



This study assessed the relative impacts of rock erodibility and imposed sediment load 93 

on channel morphology to reveal how rock type influences river morphodynamics. 94 

Following the methodologies of Sklar and Dietrich (2006) and Lai et al. (2021), I 95 

calculated the minimum channel slope required to transport the imposed sediment load, 96 

using hydraulic geometry and grain size data from five rivers draining areas with less 97 

erodible volcanic rock and erodible sedimentary rock units in Northern Japan. The 98 

findings indicated that sediment effects could account for most of the variation in 99 

channel slope across both rock types. Additionally, the proportion of the slope 100 

component not explained by sediment load was larger in reaches of volcanic rock 101 

compared to those of sedimentary rock, which was attributed to differences in rock 102 

erodibility. The discussion then explores how rock erodibility and sediment load govern 103 

the slopes of mountain rivers. 104 

 105 

2 Geologic setting  106 

Tsugaru Mountain is located in northern Japan and primarily comprises Neogene 107 

sedimentary and volcanic rocks, including shale, mudstone, and sandstone (Figure 1). 108 

Around Hakamakoshi-dake, which has the peak with an elevation of approximately 630 109 

m, basalt and dolerite have intruded into the Miocene sedimentary rocks, creating a 110 

dome structure near the headwaters (Tsushima & Uemura, 1959; Uemura et al., 1959; 111 

Fujii, 1981; Nemoto, 2014). The intruded volcanic rock also forms sills of varying 112 

thicknesses parallel to the bedding of the sedimentary rock (Tsushima & Uemura, 1959; 113 

Uemura et al., 1959). The basaltic rocks display various forms; some are massive and 114 

joint-free, whereas others are densely jointed or deeply weathered (Figure 2). The 115 

Tsugaru Fault is a west-dipping reverse fault trending north-south that is situated on 116 

the eastern flank of Hakamakoshi-dake, separating the basaltic dome to the west from 117 



the Plio-Pleistocene sedimentary rocks to the east (Uemura et al., 1959; Nemoto, 118 

2014). Active since the late Pliocene, this fault has continued its activity up to the 119 

deposition of the Tsurugasaka formation at 0.76 Ma (Suzuki et al., 2005; Mimura, 120 

1979; Nemoto, 2014). With a vertical displacement exceeding 1000 m, the fault has 121 

caused the adjacent sedimentary and volcanic layers to tilt westward (Mimura, 1979; 122 

Ujiie et al., 2006). Currently, the deformation front is located at the eastern base of the 123 

mountain range (Headquarters for Earthquake Research Promotion, 2004). 124 

This study examines five rivers on the western flank of Tsugaru Mountain (Figure 1). 125 

The studied river sections were chosen to avoid tuff units and influence of check dams. 126 

The river courses, specifically Mosawa, Shikibasawa, Yunosawa, and Ohkurasawa, 127 

alternate between volcanic and sedimentary rocks. The channel slopes of these rivers 128 

are generally steeper over volcanic substrates than sedimentary ones (Figure 3; 129 

Supporting Information Figure S1). However, in certain sections such as in Yunosawa, 130 

channel slope does not correlate well with substrate rock type, indicating that substrate 131 

erodibility may not solely determine longitudinal stream profiles. 132 

In Tanosawa, another surveyed river, the presence of sedimentary rock is minimal. 133 

Both the main stream and a tributary of Tanosawa traverse similar basaltic rocks, yet 134 

the main stream, Tn1, is steeper than the tributary, Tn2 (Figure 3a), suggesting that 135 

factors other than rock erodibility influence the variations of channel slope. 136 

Understanding why Tn1 is steeper than Tn2 could reveal the factors influencing channel 137 

slope dependency on rock type. Therefore, I included Tanosawa in this study. It was 138 

hypothesized that spatial heterogeneity in rock fracturing caused the variation in bed 139 

material size, resulting in the observed slope differences (Figure 2). To test this 140 

hypothesis and quantify the impact of the sediment on the channel slope, the same 141 

survey methodology was applied in Tanosawa as in the other four rivers. 142 



 143 

Figure 1．Geology of the study area. Faults and active faults are after Geological survey 144 

of Japan (2023) and Nakata and Imaizumi (2002), respectively. (a) Geologic map is 145 

modified after a 1:200,000 map (Geological survey of Japan, 2023). Inset shows the 146 

location of the Tsugaru Mountain. (b–d) River sections and their catchment areas 147 

investigated in this study. Geologic map is modified after 1:50,000 maps (Tsushima & 148 

Uemura, 1959; Uemura et al., 1959; Fujii, 1981). 149 

 150 



 151 

Figure 2. Bedrock outcrops of basalt in Shikibasawa. (a) Densely jointed bedrock 152 

exposed in a stream channel. Length of hammer: ~30 cm. (b) Bedrock outcrop with 153 

minor surficial cracks. 154 

 155 



 156 

Figure 3．Longitudinal profiles (lines) and normalized channel steepness (circles) along 157 

the studied sections. Bar at the top represents channel substrate. (a) Blue and green 158 

circles represent normalized channel steepness of the trunk stream (Tn1) and the 159 

tributary (Tn2). Blue and green lines are stream profiles of Tn1 and Tn2. 160 

 161 

3 Method 162 



To investigate the influence of rock erodibility on channel slope, I calculated normalized 163 

channel steepness (𝑘!"), hillslope angles along the stream, and wideness of channels 164 

(𝑘#). Additionally, a slope component analysis was conducted, which segmented the 165 

current channel slope into two components associated with the imposed sediment load 166 

and a third residual component not explained by sediment load (Sklar and Dietrich, 167 

2006). It was hypothesized that the proportion of the residual slope component would 168 

increase as the rock erodibility decreased. This hypothesis was tested by comparing the 169 

proportions of the residual slope component between reaches composed of volcanic and 170 

sedimentary rocks. 171 

 172 

3.1 Topographic analysis 173 

I calculated the normalized channel steepness using the Topotoolbox (Schwanghart and 174 

Scherler, 2014), 175 

𝑧(𝑥) = 𝑧(𝑥$) + 𝑘!"𝜒 (1) 176 

𝜒 = * (𝐴$/𝐴(𝑥))%&'(
)

)!
𝑑𝑥 (2) 177 

where 𝑧(𝑥) and 𝐴(𝑥) is elevation and upstream drainage area at the distance 𝑥 from 178 

the most downstream point 𝑥$ (𝑥$ = 0), respectively. 𝐴$ is reference drainage area 179 

which was set to 1 m2 in this study. 𝜒 is a horizontal coordinate of a longitudinal river 180 

profile (Perron and Royden, 2013). The exponent 𝜃&'( is a reference concavity index 181 

(Snyder et al., 2000). I used a 10-m-meshed digital elevation model (DEM) provided by 182 

the Geospatial Information Authority in Japan. The DEM is created using elevation 183 

contours of topographic maps. The accuracy of elevation (root mean square error) is 184 

less than 5 m. The river reaches were segmented every 100 m along the streams. For 185 

each channel segment, I calculated 𝑘!" by a linear regression in a 𝜒-elevation space (a 186 

chi plot, Perron and Royden, 2013). A reference concavity of 0.46 was used, as 187 



determined by averaging the optimum concavity index for each stream that best 188 

linearizes the river profile in a chi plot. The analysis focused on river sections with a 189 

drainage area greater than 0.4 km2, excluding colluvial reaches (Supporting 190 

Information Figure S1f; Stock and Dietrich, 2003). A one-sided Wilcoxon rank-sum test 191 

was conducted for each river to evaluate if 𝑘!" values are larger in volcanic rock 192 

reaches than in sedimentary rock reaches at a 5% significance level. The null 193 

hypothesis posited that volcanic rock reaches have the same median 𝑘!" values as 194 

sedimentary rock reaches. The alternative hypothesis was the median 𝑘!" is higher in 195 

volcanic rock reaches. To examine the effect of channel segment on the results, I 196 

performed the same calculation using the different length of a channel segment (150, 197 

200, and 300 m). 198 

The variations in hillslope angles along the trunk streams were analyzed to assess their 199 

impact on channel steepness, as these angles influence the rates and processes of 200 

hillslope sediment supply (Roering et al., 2001; Montgomery & Brandon, 2002). The 201 

hillslopes connected directly to the trunk stream were initially mapped based on slope 202 

aspect derived from the 10-m-meshed DEM. These hillslopes were then subdivided 203 

every 200 m along the streams, and the 16th, 50th, and 84th percentile values of 204 

hillslope angles were calculated. 205 

High-flow width 𝑊 was measured using a TruPulse®200 laser range finder (Laser 206 

Technology, Inc). Measurement error of the instrument is 30 cm. When measuring 207 

channel width, I focused on a section 50–100 meters along the channel and looked for 208 

a site where its channel width is close to the average width of the section. I selected a 209 

site where the channel was relatively straight, single-threaded, and free of recent bank 210 

failure and obstacles that affects local hydraulic conditions such as colluvium, log jams, 211 

and exceptionally large boulder relative to the average bed material. At the selected 212 



site, the maximum and minimum estimates of water level at a high-flow stage were 213 

determined based on heights of flood debris, washed out tree roots, vegetation limits, 214 

and channel bank. The widths at the maximum and minimum estimates of water level 215 

were recorded. The mean value of these widths was used in the subsequent analysis. 216 

For each river, the following equation was fitted to the mesured widths to estimate a 217 

scaling exponent 𝑏 218 

𝑊 = 𝑘#𝐴*	 (3) 219 

The coefficient 𝑘# estimated in this regression was not used. Instead, the estimated 𝑏 220 

value was used to calculate local channel wideness 𝑘# at each measurement site. Thus, 221 

the unit of 𝑘# (m1-2b) differs from river to river. Local 𝑘# values were used to evaluate 222 

if channel width differs between rock types and affects channel steepness. 223 

 224 

3.2 Slope component analysis 225 

To assess the impact of sediment load on longitudinal channel profiles, I conducted a 226 

slope component analysis following the methodologies of Sklar & Dietrich (2006) and 227 

Lai et al. (2021). For bedrock incision to occur, the channel slope must be sufficiently 228 

steep to transport both the sediments at the riverbed and those transported from 229 

upstream reaches and expose bedrock. Based on this premise, Sklar and Dietrich 230 

(2006) decomposed the steady-state channel slope (𝑆) into three components: 231 

𝑆 = 𝑆+" + ∆𝑆,# + ∆𝑆- , (4) 232 

In this study, 𝑆 is local channel slope within 50 meters from the sites where slope 233 

components are calculated. When the selected river section includes a tributary 234 

confluence, the section was truncated at the confluence. Local slope was calculated by a 235 

linear regression of elevation against flow distance. 𝑆+" denotes the threshold slopes for 236 

the incipient motion of the bed materials. ∆𝑆,# indicates the additional slope above 𝑆+" 237 



to transport sediment supplied from upstream. ∆𝑆- indicates the residual slope. 𝑆+" 238 

denotes the slope that makes the Shields number for a sediment particle (𝜏∗) equal to 239 

the critical Shields number (𝜏/∗). 240 

𝜏∗ =
𝑆𝑅
𝑅*𝐷!

(5) 241 

𝑆+" =
𝜏/∗𝑅*𝐷!
𝑅

(6) 242 

𝐷! is the representative grain size. Specifically, I used the 84th percentile grain size 243 

(𝐷01) because coarser grains in a given grain size distribution posed a greater influence 244 

on the channel morphology (MacKenzie et al., 2018; Shobe et al., 2021b). 𝑅* denotes 245 

the relative buoyancy density of the sediment.  246 

𝑅* =
𝜌! − 𝜌#
𝜌#

, (7) 247 

where 𝜌! and 𝜌# represent the densities of the sediment and water, respectively. 𝑅 248 

denotes the hydraulic radius, assuming a rectangular channel cross section. 249 

𝑅 =
𝑊𝐻

𝑊 + 2𝐻
, (8) 250 

where 𝐻 denotes the flow depth during the high-flow stage. To obtain 𝐻, the thalweg 251 

flow depth at the time of the survey was measured by a staff and added to the high-252 

flow water level relative to the water level at the time of the survey. I used the mean 253 

value of the maximum and minimum depth. The width and depth near both the 254 

downstream and upstream ends of the river sections where grain size was measured 255 

were documented. The critical Shields number proposed by Lamb et al. (2008) was 256 

used. 257 

𝜏/∗ = 0.15𝑆
2
1 (9) 258 

∆𝑆,# is computed using an equation for bedload sediment transport (Fernandez-Luque & 259 

van Beek, 1976; Sklar & Dietrich, 2006): 260 



∆𝑆,# = (𝜏∗ − 𝜏/∗)
𝑅*𝐷!
𝑅 E

𝑄!
𝑄/
G
3
4

(10) 261 

,"
,$

 represents the ratio of sediment supply to transport capacity (hereinafter, relative 262 

sediment supply). The relative sediment supply could not be measured in the field; 263 

thus, the ratio of exposed bedrock (𝐹') in the channel bed was used as a proxy 264 

(Chatanantavet and Parker, 2008). 265 

𝑄!
𝑄/

= 1 − 𝐹' (11) 266 

𝐹' was recorded in the field as explained later. Subtracting the sum of 𝑆+" and ∆𝑆,# 267 

from the total slope yields ∆𝑆- (Equation 4).  At some sites, the values of 𝑆+" exceeded 268 

total slope, resulting in the negative ∆𝑆,# values. Since subtracting negative ∆𝑆,# 269 

values from total slope may overestimate the residual component ∆𝑆-, the negative 270 

∆𝑆,# 	values were turned to 0, and ∆𝑆- values were recalculated. Each slope component 271 

was multiplied by upstream catchment area to the power of 𝜃&'( to obtain the three 272 

components of 𝑘!" associated with 𝑆+", ∆𝑆,#, and ∆𝑆- (Lai et al., 2021): 273 

𝑘!" = I𝑆+" + ∆𝑆,# + ∆𝑆-J𝐴
%%&' = 𝑘!"

+" + 𝑘!"
,# + 𝑘!"- (12) 274 

The same analysis was performed using the different length of channel segment (150, 275 

200, and 300 m). 276 

Wolman counting was employed at 44 sites to determine the grain size distributions. 277 

Intermediate axes of a minimum of 100 grains were measured from the surfaces of the 278 

gravel bars. To mitigate biases from inter- and intra-bar variability in grain size, gravel 279 

was sampled from multiple bars. The results represent the grain sizes of a river section 280 

extending at least 50 m along the stream. Additionally, the rock type of each grain was 281 

recorded at 32 sites to assess differences in grain size among rock types. Although 282 



several types of sedimentary and volcanic rocks were present, only two categories were 283 

used for simplicity: sedimentary and volcanic. 284 

In the laboratory, the densities of these rock types were measured. In total, 51 grains 285 

of each type were collected, which exhibited densities of 1.82×103 kg/m3 for 286 

sedimentary rocks and 2.28×103 kg/m3 for volcanic rocks. Results of Wolman counting 287 

indicated that the proportions of volcanic rock grains at each site ranged between 56 288 

and 98% and are 77% on average. Consequently, a weighted average density (𝜌!) of 289 

2.17×103 kg/m3 was calculated based on the average abundance of each rock type at 290 

each site. 291 

The degree of bedrock exposure on the riverbed (𝐹') was documented either visually or 292 

using an orthomosaic image, the latter being employed when the river channel was not 293 

obscured by vegetation. Owing to the narrow, vegetation-enclosed channels, using an 294 

unpiloted aerial vehicle was impractical. Instead, photographs were taken with a 295 

camera attached to a long pole, and the exposed bedrock areas were recorded on an 296 

iPad mini (6th generation, Apple Inc.). These images were then used to create an 297 

orthomosaic with AgiSoft Metashape software. The orthomosaic was imported into QGIS 298 

for 𝐹' calculation. For visual estimates, an uncertainty of ±0.1 was noted. In cases 299 

where no exposed bedrock was visible, I assumed 𝐹' was between 0 and 0.1, and used 300 

a value of 0.05 because of the difficulty of thoroughly inspecting the riverbed. 301 

 302 

4 RESULTS 303 

4.1 Channel steepness in a catchment of single rock type 304 

The median 𝑘!" values in the two Tanosawa channels (Tn1 and Tn2) were 39.2 m0.92 305 

and 20.3 m0.92, respectively. (Figure 3, Table 1). The median 𝑘!" was higher in Tn1 306 

than in Tn2 regardless of the length of channel segment used to calculate 𝑘!" (Table 307 



S1). The average 𝑘!" components related to sediment caliber, 𝑘!"
+" and 𝑘!"

,#, were 308 

greater in Tn1 than in Tn2 by 4.0 and 9.2 m0.92, respectively. In both streams, the sum 309 

of 𝑘!"
+" and 𝑘!"

,# accounted for at least 86% of the total 𝑘!" (Figure 4), indicating that 310 

the difference in 𝑘!" between the two streams mostly resulted from differences in 𝑘!"
+" 311 

and 𝑘!"
,#. 312 

Furthermore, I focused on the variables that caused the difference in 𝑘!"
+" and 𝑘!"

,# 313 

between Tn1 and Tn2. The median values for the three key parameters (𝑅, D84, and 𝐹') 314 

are listed in Table 1, which was used to evaluate 𝑆+" and ∆𝑆,# (Equations 6 and 10). 315 

The hydraulic radius 𝑅 was 1.2 times greater in Tn1 than in Tn2, which reduced 𝑘!"
+" 316 

and 𝑘!"
,# in Tn1 relative to those in Tn2. Wolman count was conducted at four and three 317 

sites in Tn1 and Tn2, respectively. The resulting D84 was 1.4 times greater in Tn1 than 318 

in Tn2. Given the uncertainty involved in estimating 𝐹', 𝐹' is almost similar or slightly 319 

smaller for Tn1. As 𝑄/ increases with the local channel slope, the similar bedrock 320 

exposure in Tn1 and Tn2, despite the greater channel slope in Tn1, suggests that Tn1 321 

was more strongly affected by the sediment load supplied upstream. 322 

 323 

 324 

Figure 4. Comparison of 𝑘!" components and total 𝑘!" in Tanosawa. 325 



 326 

Table. 1. Channel and sediment characteristics in Tanosawa. The numbers except for 327 

D84 are median values of the studied section. 328 

 𝑘!" 

(m0.92) 

𝑘!"
#" 

(m0.92) 

𝑘!"
$# 

(m0.92) R (m) D84 (cm) 𝐹% (%) 

Tn1 39.2 12.2 21.3 0.7 19 10 

Tn2 20.3 8.1 12.1 0.6 14 20 

 329 

4.2 Difference in 𝒌𝒔𝒏 components between rock type 330 

In Mosawa, the median 𝑘!" was 2.4 times as high in volcanic rock reaches compared to 331 

sedimentary rock reaches (Figure 3b, Supporting Information Table S1). The 𝑝 value in 332 

a one-sided Wilcoxon rank-sum test was 1.0 × 10-3, indicating the median 𝑘!" was 333 

probably higher in volcanic rock. The residual 𝑘!" component that is not explained by 334 

the imposed sediment load (𝑘!"- ) accounted for a small fraction of total 𝑘!", ranging 335 

from 1–16% in sedimentary rock reaches and 1–28% in volcanic rock reaches (Figures 336 

5a and 6a, Supporting Information Table S2). These findings suggest that variations in 337 

𝑘!" were primarily caused by sediment effects. 338 



 339 

Figure 5. Variation of each 𝑘!" component and key factors associated with the imposed 340 

sediment load. The top bar in (a), (c), (e), and (g) represents channel substrate. 341 

 342 



 343 

Figure 6. Comparison of 𝑘!" components and total 𝑘!" for volcanic and sedimentary 344 

rock. Results of (a-d) the individual rivers and (e) the four rivers. (f) Cumulative 345 

distribution function of the fraction of 𝑘!" components. 346 

 347 

In Mosawa, grain size did not significantly change in the most upstream section but 348 

began to decrease downstream near the lithologic boundary at 2460 m (Figure 5b). The 349 

hillslope angles were considerably steeper in the upstream section underlain by basaltic 350 

rock compared to the downstream section dominated by shale (Figure 7a). 351 

 352 



 353 

Figure 7. Angles of hillslopes along the trunk stream in each river catchment. The top 354 

bar represents channel substrate. 355 

 356 

In Shikibasawa, the median 𝑘!" in volcanic rock reaches was 1.3 times larger than that 357 

in the sedimentary rock reaches (Figure 3c). The 𝑝 value in a one-sided Wilcoxon rank-358 

sum test was 0.050. In the most upstream section, where sedimentary rock layers 359 

occurred intermittently, 𝑘!" values did not exhibit clear variation with the rock type 360 

(Figure 3c). However, downstream from 2660 m, the 𝑘!" values increased and then 361 

decreased at 600 m, coinciding with a transition from volcanic to sedimentary rock 362 

(Figure 3c). The residual 𝑘!" (𝑘!"- ) accounted for 6.3% (median) of the total 𝑘!" in 363 

sedimentary rock reaches and 12% in volcanic rock reaches (Figures 5c, 6b). 364 

Although the D84 did not systematically decrease across the studied sections in 365 

Shikibasawa, the 95th percentile grain size (D95) downstream from 570 m was 366 

significantly smaller than upstream values. This reduction in D95 corresponded with the 367 



bedrock transition from volcanic to sedimentary rocks. Regarding bedrock exposure 368 

(𝐹%), despite significant local variations rendering it difficult to discern a general trend, 369 

bedrock was more extensively exposed in the upstream reaches (distance > 600 m) 370 

dominated by volcanic rock than in the most downstream reaches underlain by 371 

sedimentary rock. The hillslope angles increased slightly downstream in the headwaters 372 

(distance > 3000 m) and remained relatively constant throughout the studied section 373 

(Figure 7b). 374 

In Yunosawa, the local variation in 𝑘!" was large and did not correspond to the changes 375 

in the bedrock (Figure 3d). The ratio of 𝑘!" in volcanic to sedimentary rock reaches 376 

change with the length of channel segment used to calculate 𝑘!". However, the 𝑝 value 377 

in a one-sided Wilcoxon rank-sum test was 0.47–0.87 (Supporting Information 378 

TableS1), indicating 𝑘!" values were indistinguishable between rock types. The median 379 

ratio of 𝑘!"-  to total 𝑘!" was 1.9% in the reaches of sedimentary rock and 4.8% in the 380 

reaches of volcanic rock (Figures. 5e, 6c). 381 

The grain size in Yunosawa varied widely over short distances and did not follow a 382 

systematic trend as predicted by Sternberg’s law (Figure 5f). The hillslope angles were 383 

consistent across the studied sections (Figure 7c). Although observations of 𝐹% were 384 

limited, the bedrock was relatively well-exposed in an area between approximately 385 

1000–1500 m, which roughly corresponded to the section with a higher 𝑘!" (1250–386 

1500 m in distance) compared to neighboring sections (Figures 3d and 5f). 387 

In Ohkurasawa, 𝑘!" increased downstream at 800–1000 m, where the channel 388 

substrate changed from sedimentary to volcanic (Figure 3e). The median 𝑘!" was 27.5 389 

and 58.9 m0.92 for the sedimentary and volcanic rock, respectively. The 𝑝 value in a 390 

one-sided Wilcoxon rank-sum test was 0.024, indicating the median 𝑘!" values were 391 



probably higher in volcanic rock. The median ratio of 𝑘!"-  to total 𝑘!" was 4.3% for 392 

reaches of sedimentary rock, and 7.2% for reaches of volcanic rock (Figures 5g, 6d). 393 

The grain size in Ohkurasawa was significantly larger in the steeper downstream 394 

section compared to the gentler upstream section (Figure 5h). The hillslope angles also 395 

increased downstream near the lithologic boundary at approximately 1000 m, where 396 

volcanic rock began to outcrop in the upper parts of the hillslopes (Figures 1d and 7d). 397 

Upstream of this lithologic boundary, the hillslope angles did not exhibit clear variations 398 

with the rock type. 399 

Overall, reaches of volcanic rock tend to have higher 𝑘!" values than those of 400 

sedimentary rock regardless of the length of channel segment to calculate 𝑘!" (Table 401 

S1). The median ratio of the residual component 𝑘!"-  to total 𝑘!" was only 2.4% and 402 

4.8% in reaches of sedimentary and volcanic rock, respectively. This result indicates 403 

that the effects of the imposed sediment load could mostly explain the variation in total 404 

𝑘!" (Figure 6e, Supporting Information Table S2). Figure 6f displays the cumulative 405 

histogram of the ratio of 𝑘!" components to total 𝑘!" for the four rivers. The residual 406 

component 𝑘!"-  accounts for a greater fraction of the total 𝑘!" for the reaches of 407 

volcanic rock than that for the reaches of sedimentary rock. The difference in the 408 

fraction of 𝑘!"- 	between the rock type is significant in a one-sided Wilcoxon ranksum test 409 

(𝑝 = 1.9 × 10-3; null hypothesis: the median fractions of 𝑘!"-  in the reaches of 410 

sedimentary and volcanic rock are similar). The differences in the fractions of 𝑘!"-  411 

calculated using D50 and D95 are also significant (𝑝<0.01; Supporting Information Figure 412 

S2). Also, while the fraction of 𝑘!"-  changes with the length of channel segment used to 413 

calculate channel slope, reaches of volcanic rock always have a greater fraction of 𝑘!"-  414 

than those of sedimentary rock when the lengths of channel segment are 150, 200, and 415 

300 m (Supporting Information Table S2). 416 



 417 

4.3 Size and composition of bed materials 418 

In total, I recorded sizes of 7605 grains and rock type of 6249 grains. Among the 6249 419 

grains, 79% were of volcanic origin. The D50 value of volcanic rocks was 1.8 times 420 

larger than that of sedimentary rocks (Figure 8a). The D50 ratio between volcanic and 421 

sedimentary rocks varied across the four rivers studied—Mosawa, Shikibasawa, 422 

Yunosawa, and Ohkurasawa—with values ranging from 1.9 to 3.2 (Supporting 423 

Information Figure S3). Similarly, the D84 and D95 of volcanic rocks were larger than 424 

those of sedimentary rocks, and the magnitude of the difference between the rock 425 

types varied across the four rivers (Figures 8a and Supporting Information Figure S3). 426 

This variation suggests that the initial grain size distributions, which are supplied from 427 

hillslopes to channels, differs from one basin to another. 428 

To explore the impact of changes in sediment source on bed material composition, I 429 

calculated the proportion of volcanic particles in each Wolman count and compared it 430 

with the proportion of volcanic rock units within the catchment area at each site (Figure 431 

8b). The colors of the points in Figure 8b represent the ratio of the D84 for the volcanic 432 

and sedimentary rock particles (𝐷01567 and 𝐷018'9, respectively). Despite the sampling 433 

biases associated with the Wolman count method (Bunte & Abt, 2001), which typically 434 

favor the selection of larger particles, the proportion of volcanic particles did not 435 

correlate with 𝐷01567/𝐷018'9 (Figure 8b). This suggests that sampling biases had minimal 436 

impact on the results. In Mosawa, where basaltic rocks occur only in the upstream half 437 

of the catchment (Figure 3), the proportion of basaltic particles in the riverbed 438 

decreases downstream as the basaltic rock units occupy a smaller area of the 439 

catchment (gray circles in Figure 8b). However, the proportion of basaltic particles 440 

remains above 64% even when basaltic rock constitutes only 45% of the upstream 441 



area, indicating an overrepresentation of basaltic gravel in the riverbed. In contrast, in 442 

the other three rivers where volcanic and sedimentary rocks are interspersed 443 

throughout the studied reach, no clear correlation was observed between the proportion 444 

of volcanic grains in the riverbed and in the catchment area, potentially because of the 445 

intermittent supply of volcanic rock. 446 

 447 

 448 

Figure 8. (a) Cumulative frequency of b-axis for particles of sedimentary and volcanic 449 

rock. (b) Effect of changing sediment source on the proportion of volcanic particles at 450 

the channel bed. The color indicates the ratio of the 84th percentile grain size for the 451 

volcanic and sedimentary rock particles measured in each Wolman count. Gray circles 452 

are data in Mosawa. 453 

 454 

4.4 Dependency of channel width on rock type 455 

Across all rivers, a gradual increase in channel width with drainage area was observed. 456 

The exponent b in Equation 3 varied from 0.24 to 0.47 across individual rivers, with an 457 

average value of 0.39 for the entire dataset, a typical value for mountain streams 458 

(Montgomery and Gran, 2001). Figure 9 shows channel wideness values calculated 459 

using the b value obtained in each river (Figure 9a–9e) and those calculated using the 460 



average b value of 0.39 (Figure 9f). In Tanosawa, despite larger grain sizes and higher 461 

𝑘!" values in the trunk stream Tn1 compared to the tributary Tn2, the 𝑘# values were 462 

statistically similar between Tn1 and Tn2 as indicated by the two-sided Wilcoxon rank-463 

sum test (Figure 9a, 𝑝 = 0.54). In Mosawa and Shikibasawa, the median 𝑘# was 464 

slightly higher in volcanic rock reaches than in sedimentary rock reaches (Figures 9b 465 

and 9c). However, these differences were not statistically significant at the 5% level in 466 

a two-sided Wilcoxon rank-sum test (𝑝 = 0.12 and 0.11 for Mosawa and Shikibasawa, 467 

respectively; the null hypothesis being that reaches of volcanic and sedimentary rock 468 

have the same median 𝑘# values). 469 

The median 𝑘# in Yunosawa was larger for volcanic rock reaches than for sedimentary 470 

rock reaches (𝑝 = 0.028 in the two-sided Wilcoxon rank-sum test) (Figure 9d). 471 

Conversely, in Ohkurasawa, the median 𝑘# was larger for sedimentary rock reaches 472 

than for volcanic rock reaches (𝑝 =0.032 in the two-sided Wilcoxon rank-sum test) 473 

(Figure 9e). Overall, no significant differences in 𝑘# between volcanic and sedimentary 474 

rocks were found in the two-sided Wilcoxon rank-sum test (𝑝 = 0.12). 475 



 476 

Figure 9. (a–e) Variation of channel width in each river and (f) whole study area. The 477 

exponent b in equation 3 is estimated for each river. Local wideness values 𝑘# were 478 

calculated using the b value shown in each panel. Circles in (b–f) are colored by 479 

channel substrate. 480 

 481 

5 Discussion 482 

5.1 Quantifying the impact of sediment on stream profiles in mono-483 

lithologic catchment 484 

The analysis revealed that the difference in total 𝑘!" between Tn1 and Tn2 in Tanosawa 485 

roughly corresponded to the differences in 𝑘!"
+" and 𝑘!"

,# (Table 1). Given their proximity 486 

of only a few hundred meters, it is likely that Tn1 and Tn2 experienced similar climatic 487 

and tectonic forces, aligning with the observation that variations in 𝑘!" predominantly 488 

resulted from sediment impacts. Although the rock erodibility may significantly differ 489 

between Tn1 and Tn2 due to heterogeneous macro- and microscopic rock properties 490 



(e.g., Turowski et al., 2023), the major cause of the contrasting profiles between Tn1 491 

and Tn2 is argued to be the difference in grain size, as they exhibit similar 𝑘# values 492 

and hillslope angles, which are also influenced by rock properties (Allen et al., 2013; 493 

Roda-Boluda et al., 2018). These findings in Tanosawa support the observations in the 494 

other four streams that sediment load significantly contributes to the total 𝑘!" (Figures 495 

6e and 6f).  496 

The results of Tanosawa highlight the significance of acknowledging the spatial 497 

heterogeneity of rock properties within a geological unit and its impact on the grain size 498 

distribution in channels. Basaltic gravel constitutes 83–97% of the total gravel 499 

measured in Tanosawa, suggesting that the differences in grain size between Tn1 and 500 

Tn2 can be attributed to the initial grain size distribution of basaltic rock on hillslopes. 501 

Basaltic rocks in Tanosawa appear in various forms, including outcrops with sparse or 502 

dense joints and severe spheroidal weathering (Tsushima and Uemura, 1959; Uemura 503 

et al., 1959). Although vegetation cover limited detailed observations of the bedrock 504 

outcrops, the heterogeneity of rock properties probably caused the differences in grain 505 

size between Tn1 and Tn2. The sizes of volcanic gravel in four other streams also varied 506 

significantly (Supporting Information Figure S3), implying that the local changes in the 507 

size of volcanic gravel induced by varying degrees of fracturing, weathering, and mass 508 

movement are common in this area. Although numerous studies including the present 509 

research demonstrate that the imposed sediment load rather than rock erodibility 510 

controls the morphology of mountain rivers, the findings of this study confirm that it is 511 

also important to reveal how rock properties dictate the size and rates of sediment 512 

supply into channels (Sklar et al., 2017). 513 

 514 



5.2 Factors that complicate the controls of rock type on channel 515 

slope 516 

The uplift of Tsugaru Mountain, initiated in the late Pliocene due to the activity of the 517 

Tsugaru fault (Nemoto, 2014), has not been precisely dated. However, the five streams 518 

studied may still be in a transient state, as adjustments to changes in base-level fall 519 

rates can take millions of years (Whittaker et al., 2007; Yanites, 2018; Takahashi et al., 520 

2023). A sustained increase in the rate of base-level change can create a knickpoint 521 

that propagates upstream, dividing the stream into a steeper downstream section and a 522 

gentler upstream section. After the knickpoint passes, changes in channel width (𝑘#) 523 

and the angles of adjacent hillslopes may occur (Whittaker et al., 2007; Hurst et al., 524 

2012; Yanites, 2018; Baynes et al., 2022; Takahashi et al., 2023). Despite the 525 

presence of numerous knickpoints in the studied catchment, they do not correspond 526 

with changes in the reach average 𝑘!" or systematic alterations in hillslope angles and 527 

𝑘# (Figures 3, 7, 9, and Supporting Information Figure S4). In addition, chi plots for 528 

eight stream networks draining the western flank of the Tsugaru Mountain are mostly 529 

linear (Supporting Information Figure S5), indicating their longitudinal profiles are close 530 

to those at the steady state. Therefore, it can be concluded that the transient response 531 

to changes in uplift rates has a negligible impact on interpreting the 𝑘!" variations 532 

within the studied catchment. 533 

Thereafter, I examined whether the difference in 𝑘# between the rock types affected 534 

the variations in 𝑘!". Although the reaches of volcanic and sedimentary rocks exhibited 535 

similar 𝑘# values in Tanosawa, Mosawa, and Shikibasawa, the reaches of volcanic rock 536 

displayed marginally larger 𝑘# values in Yunosawa and smaller 𝑘# values in 537 

Ohkurasawa than those of sedimentary rock (Figure 9). Generally, wider channels 538 

require steeper slopes than narrower channels to achieve equivalent incision rates. 539 



Therefore, the differences in 𝑘# between rock types in Yunosawa and Ohkurasawa 540 

might have influenced the observed 𝑘!" values. Nonetheless, since the difference in 541 

channel width between rock types is accounted for in the slope component calculations 542 

(Equations 6 and 10) and the median 𝑘# varies by only 10% between rock types, 543 

omitting the channel width difference does not alter the interpretation of how rock 544 

erodibility and sediment load impact channel slope. 545 

 546 

5.3 Relative importance of rock erodibility and sediment load on 547 

setting channel slope 548 

The slope components related to the imposed sediment load predominantly explain the 549 

variation in channel slope. This result indicates the influence of rock erodibility is 550 

considerably smaller than that of the imposed sediment load, which is consistent with 551 

the predictions from theoretical models (Sklar and Dietrich, 2006; Turowski et al., 552 

2007). The major influence of the sediment load on channel slope relative to rock 553 

erodibility suggests that the capacity of rock to supply coarse and immobile materials 554 

into channels determines the shape of longitudinal profiles. Sediment particles from less 555 

erodible rocks are typically coarser (Roda-Boluda et al., 2018), exhibit lower mass loss 556 

rates during transport (Attal and Lavé, 2009; Bodek and Jerolmack, 2021), and are 557 

denser than those from soft rocks (Turowski et al., 2023). These characteristics 558 

contribute to the selective deposition and extended residence time of particles from less 559 

erodible rocks compared to those from erodible rocks, as suggested by the 560 

disproportionate presence of volcanic gravel in the bed relative to the areal extent of 561 

volcanic rock in the catchment (Figure 8b). Consequently, the impact of sediment load 562 

can persist even when the bedrock transitions downstream from less erodible to 563 

erodible rock types, thereby diminishing the disparity in channel steepness between 564 



different rock types (Johnson et al., 2009; Thaler and Covington, 2016; Finnegan et al., 565 

2017; Lai et al., 2021). Thus, understanding the relationship between channel 566 

steepness and rock type necessitates an examination of how rock properties influence 567 

the sediment size supplied to channels (Sklar et al., 2017). 568 

The predominant role of sediment load in determining channel slope complicates the 569 

assessment of a uniform response among mountain rivers in a region to changes in 570 

lithology and external conditions. Local factors such as proximity to tributary junctions, 571 

bedrock exposure along channels (Rice, 1998; Rice and Church, 1998), and 572 

heterogeneous rock properties influence the grain size distributions of bed material 573 

(DiBiase et al., 2018b; Verdian et al., 2021). The downstream evolution of grain size 574 

does not always follow the simple model (e.g., Sternberg’s law) because of varied 575 

sediment sources and the mixing of rocks with different durability (Rice and Church, 576 

1998; Attal and Lavé, 2006). Moreover, sediment dynamics can impact channel width 577 

(MacKenzie and Eaton, 2017; Baynes et al., 2020), potentially causing alterations in 578 

channel slope (Yanites, 2018). Therefore, it is reasonable that the adjustment of 𝑘!" 579 

and 𝑘# to changes in bedrock erodibility occurs in various manners on Tsugaru 580 

Mountain, where the disparity in grain size between rock types varied between 581 

catchments (Supporting Information Figure S3). 582 

The dominance of either the tool or cover effect of sediment on erosion may dictate 583 

channel responses to changes in rock type. The erosional efficiency is influenced by the 584 

relative sediment supply (Sklar and Dietrich, 2001; Cowie et al., 2008; Scheingross et 585 

al., 2014). In a case of low relative sediment supply (tool regime), an increase in 586 

sediment supply accelerates erosion. Conversely, in a case of high relative sediment 587 

supply (cover regime), an increase in sediment supply inhibits erosion. Therefore, when 588 

a transition in rock type coincides with an increased sediment supply in the tool regime, 589 



the rivers can maintain similar erosion rates while reducing their channel slope from its 590 

original value (Sklar and Dietrich, 2004). In the cover regime, however, the channel 591 

slope must increase to counteract the increased sediment supply resulting from 592 

changes in rock type and maintain similar erosion rates across lithologic boundaries. 593 

Additionally, the temporal variations in the channel slope caused by the knickpoint 594 

passage or damming via slope failure may locally shift a reach from the cover to the 595 

tool regime or vice versa, thereby complicating the interpretation of how rock type 596 

influences channel slope. Although testing these hypotheses was beyond the scope of 597 

this study, future laboratory and numerical experiments could explore how rivers in the 598 

tool and cover regimes respond to variations in rock erodibility and sediment supply. 599 

The layered structure of rock units with differing erodibilities can partly explain the 600 

apparent decorrelation of rock erodibility and the channel slope in Tsugaru. When 601 

bedrock incision rates are highly dependent on rock erodibility, as seen under the 602 

detachment-limited condition in the stream power model (Whipple and Tucker, 1999), 603 

differential incision across each rock unit modifies the rates of local base-level change 604 

at their interfaces (Forte et al., 2016; Perne et al., 2017). This local base-level change 605 

can lead to a steeper channel slope or slower incision in erodible rocks compared to less 606 

erodible rocks (Forte et al., 2016; Perne et al., 2017). The stratified structure was most 607 

evident at Yunosawa, where the substrate rock alternated frequently within the middle 608 

of the studied reach (Figures 1d and 3d). Unlike the four other rivers studied, 𝑘!" 609 

values in the volcanic and sedimentary rocks at Yunosawa were statistically 610 

indistinguishable, potentially because of the local base-level changes caused by 611 

differential incision in the volcanic and sedimentary rocks. 612 

The contrast of bedload erosivity and bedrock erodibility may have affected the 613 

observed variation of channel steepness. The abrasion mill experiment by Sklar and 614 



Dietrich (2001) showed bedload composed of gravels of less erodible rock can erode 615 

bedrock faster than that composed of gravels of more erodible rock. This result 616 

indicates depending on the contrast of bedload erosivity and bedrock erodibility, the 617 

effective erodibility can deviate from the original bedrock erodibility. In that case, the 618 

difference in channel steepness between rock type can be significantly altered from the 619 

value expected from bedrock erodibility, which complicate the understanding of how 620 

rock type controls channel morphology (Fox et al., 2023; Gailleton et al., 2024; Smith 621 

et al., 2024). To evalvuate if the contrast of bedload and bedrock may affect the 622 

observed channel steepness, I compared chi plots of Mosawa and its tributary located 623 

to the south (Figure 10). In this tributary, volcanic rock occurs only in the headwaters 624 

and constitutes much smaller part of the catchment than in Mosawa (Figure 10a and 625 

10b). Thus, the reaches of sedimentary rock in the tributary presumably receive much 626 

smaller amount of volcanic bedload than those in Mosawa, suggesting the lower 627 

effective erodibility in the tributary than in Mosawa. However, the reach average 𝑘!" in 628 

sedimentary rock is similar between Mosawa and the tributary, meaning the similar 629 

effective erodibility (Figure 10c). This observation suggests the difference between 630 

bedload and bedrock materials have minor influence on channel steepness in Tsugaru. 631 

Therefore, although it is not possible to quantify the impact of bedload-bedrock contrast 632 

on the observed difference in 𝑘!" between rock type, the impact can be assumed to be 633 

minor in the studied catchments. 634 



 635 

Figure 10. (a) A geologic map around Mosawa and its tributary after 1:50,000 maps 636 

(Tsushima & Uemura, 1959; Uemura et al., 1959). Stream data along the solid white 637 

lines are used in (c). (b) Proportion of volcanic rock in the upstream catchment. (c) Chi 638 

plots for Mosawa and the tributary. Color represents the type of channel substrate. 639 

Values of chi and elevation are adjusted so the most downstream point shown in (a) is 640 

plotted at the origin. 641 

 642 

Although the channel slope is typically influenced by sediment load, the variations in 643 

rock erodibility between the rock types are evident in the study area. Waterfalls 644 

predominantly occur in volcanic rock reaches and near lithologic boundaries such as 645 

1000–2000 m in Shikibasawa and <800 m in Ohkurasawa (Figure 3). These local 646 

increases in 𝑘!" did not correspond to the abrupt changes in hillslope angles or 647 

tributary junctions, indicating minor variations in sediment supply. Also, bedrock 648 



exposure was more extensive in these steep reaches than adjacent gentler reaches. 649 

Thus, these local highs of 𝑘!" are probably attributable to low rock erodibility. This 650 

interpretation is supported by the model predictions of Guryan et al. (2024), who 651 

employed a modified version of the stream power model incorporating the conservation 652 

and transport of eroded mass (Shobe et al., 2017). They found that when the sediment 653 

supply remains relatively constant, channel slope becomes higher in rocks of lower 654 

erodibility, leading to greater sediment entrainment rates. Consequently, sediment 655 

cover decreases in areas of low bedrock erodibility. The saltation-abrasion model 656 

predicts similar responses of channel slope and the degree of bedrock exposure to an 657 

increase in rock tensile strength (Sklar and Dietrich, 2006). Investigating these steeper 658 

reaches with thinner alluvial cover could reveal the conditions under which the influence 659 

of rock erodibility on channel slope outweighs that of the imposed sediment load. 660 

However, studying such steep reaches was impractical, as they were exceedingly steep 661 

to traverse and lacked subaerial bars necessary for measuring more than 100 grains. 662 

Lastly, it is important to note slope component analysis cannot reveal how bedrock 663 

erosion occurs at the same rates across rocks of different erodibility. When a channel is 664 

steeper in less erodible rock than in erodible rock, the differential erodibility may be 665 

offset by the difference in the degree of bedrock exposure (Sklar and Dietrich, 2006; 666 

Guryan et al., 2024). However, if channel slope is similar between reaches of different 667 

bedrock erodibility, it is unclear why and whether erosion rates are kept similar 668 

between those reaches. According to the saltation abrasion model, slight change in 669 

channel slope can significantly reduce the alluvial cover over rocks of lower erodibility, 670 

keeping erosion rate in less erodible rock similar to that in erodible rock (Sklar and 671 

Dietrich, 2006). If this is the case, although the same erosion rates may be achieved, it 672 

would be difficult to detect such small changes in channel slope of natural rivers. 673 



Another possibility is the difference in erosional efficiency due to the contrast of bedload 674 

and bedrock erodibility (Sklar and Dietrich, 2001; Fox et al., 2023) or erosion process 675 

(Whipple et al., 2000; Chatanantabet and Parker, 2009; Lamb et al., 2015). In 676 

Tsugaru, the effect of bedload-bedrock contrast is not apparent at least in the channel 677 

profiles (Figure 10). For erosion process, erosion by plucking may be more dominant in 678 

volcanic rocks than in sedimentary rocks in Tsugaru. In particular, volcanic bedrock 679 

often exhibited rugged surface on channel walls, suggesting lateral erosion rates and 680 

the adjustment of channel width to changes in the boundary conditions are different 681 

between rock type. However, the surface of volcanic rocks exposed at riverbed was 682 

generally smooth. Also, sedimentary rocks in the study area are composed of beds that 683 

are blocky and prone to plucking and those that are very smooth and likely eroded by 684 

frictional abrasion. Thus, it was hard to determine if the dominant erosion process 685 

clearly differs by rock type. If none of the above applies, it may be necessary to 686 

consider cases where the topographic steady state is not achieved due to different 687 

vertical erosion rates in different rock types (Forte et al., 2016; Perne et al., 2017). 688 

 689 

5.4 Limitations in the slope component analysis 690 

Slope component analysis is a valuable method for quantifying the contributions of 691 

imposed sediment load to longitudinal stream profiles using field-measurable 692 

parameters (Sklar & Dietrich, 2006; Lai et al., 2021). However, certain parameters 693 

required for this analysis are not easily measurable in the field and depend on the 694 

selection of theoretical or empirical equations. This section addresses the challenges in 695 

calculating 𝑆+" and ∆𝑆,# and provide their minimum estimates. 696 

A primary concern is the entrainment threshold, 𝜏/∗. I adopted 𝜏/∗ proposed by Lamb et 697 

al. (2008), which is a simple function of channel slope. This threshold is practical for 698 



field studies and is applicable to headwater streams, as it is derived from both flume 699 

and field data encompassing a channel slope up to 0.2, typical of headwaters. 700 

Nonetheless, accurate estimation of 𝜏/∗ has proven extremely challenging (Buffington & 701 

Montgomery, 1997; Petit et al., 2015; Phillips et al., 2022; Perret et al., 2023; Hodge 702 

et al., 2024). Among the various factors causing spatial and temporal variations in 𝜏/∗, 703 

grain protrusion is arguably the most significant when calculating the slope component 704 

related to the entrainment threshold (𝑆+"). Coarser grains in a given grain size 705 

distribution tend to protrude from the bed, exposing a larger area to the flow. This 706 

modifies 𝜏/∗ based on the protruded height of the grain relative to D50 (Hodge et al., 707 

2020; Smith et al., 2023), significantly reducing 𝜏/∗ for grains sized D84 compared to the 708 

value predicted by Equation 9, which is based on the median-sized grains (Lamb et al., 709 

2008). 710 

Despite these complexities, I argue that the slope component 𝑆+" remains critical 711 

because the residence time of gravel in the channel is influenced by both the frequency 712 

of entrainment and the transport distance. Vázquez-Tarrío et al. (2019) has compiled 713 

published data on gravel transport using passive tracers. Their findings reveal that the 714 

transport distance of gravel decreases exponentially with size relative to the median 715 

grain size. Furthermore, once a large grain on the bar is entrained, the bed roughness 716 

decreases, and the grains previously sheltered by the entrained grain become more 717 

mobile. Therefore, although estimates of 𝑆+" may vary significantly when accounting for 718 

grain protrusion, the impact is mitigated by the exponential reduction in transport 719 

distance with size and the reorganization of the bed following the entrainment of coarse 720 

grains. 721 

Quantifying the relative sediment supply from the degree of exposed bedrock (Equation 722 

11) presents a significant challenge. Flume experiments conducted by Chatanantavet 723 



and Parker (2008) demonstrated that 𝐹' either linearly decreased with an increase in 724 

the relative sediment supply or abruptly dropped from 1 (fully exposed) to 0 (no 725 

exposure). Subsequent studies confirmed both gradual and abrupt alluviation (Johnson 726 

& Whipple, 2010; Inoue et al., 2014; Mishra & Inoue, 2020; Cho & Nelson, 2024), and 727 

the rate of change in 𝐹' with the increasing relative sediment supply is much more 728 

diverse than predicted by Equation 11, partly due to the relative surface roughness of 729 

the alluvial cover and bedrock (Mishra & Inoue, 2020). However, owing to the lack of 730 

constraints on the roughness of the bedrock, discussing the uncertainty in the relative 731 

sediment supply was not possible in this study. 732 

The difficulties with accurate constraints on 𝑆+" and ∆𝑆,# indicate that their minimum 733 

estimates can be presented to ensure the validity of the present findings. For 𝑆+", I 734 

used 𝜏/∗ =0.02, which is roughly one-third of the values predicted by Lamb et al. (2008) 735 

and in the smallest range reported in previous studies (Buffiington & Montgomery, 736 

1997; Petit et al., 2015; Perret et al., 2023). For ∆𝑆,#, I set 𝐹'=0.7 for all sites, the 737 

minimum value observed in Tsugaru (Figure 5) and used ,"
,$

=0.3, which is generally 738 

lower than the values predicted by the existing models (Mishra & Inoue, 2020). Except 739 

for 𝜏/∗ and ,"
,$

, I used the same parameters as those used to calculate 𝑆+" and ∆𝑆,# 740 

displayed in Figure 5. The resulting sum of 𝑆+" and ∆𝑆,# was 54% of total slope on 741 

average and ranged 47–132% of total slope. Therefore, I can reasonably conclude that 742 

the imposed sediment load controls the channel slope more strongly than rock 743 

erodibility. 744 

 745 

6 Conclusions 746 



The minimum channel slope required to transport the imposed sediment load for five 747 

rivers in the Tsugaru Mountain region were calculated to determine that the sediment 748 

load generally exerts a stronger influence on channel slope than rock erodibility. This 749 

finding persists even when using very small values for the threshold of incipient motion 750 

and relative sediment supply to estimate sediment effects. Additionally, the locally 751 

steepened reaches with the thinner alluvial cover possibly resulted from contrasts in 752 

erodibility, which is consistent with previous model predictions. These observations 753 

confirm that rock erodibility influences stream profiles by modulating erosional 754 

resistance and the mobility of rock particles. They suggest that future studies should 755 

investigate the conditions under which the effects of rock erodibility outweigh the 756 

impact of sediment load. The slope component analysis facilitates the quantification of 757 

sediment impact, which is challenging to estimate in the field. However, it is important 758 

to acknowledge that the uncertainty in the results could not be evaluated easily due to 759 

difficulties in constraining the entrainment threshold and relative sediment supply. 760 
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Figure captions 1133 

 1134 

Figure 1．Geology of the study area. Faults and active faults are after Geological survey 1135 

of Japan (2023) and Nakata and Imaizumi (2002), respectively. (a) Geologic map is 1136 

modified after a 1:200,000 map (Geological survey of Japan, 2023). Inset shows the 1137 

location of the Tsugaru Mountain. (b–d) River sections and their catchment areas 1138 

investigated in this study. Geologic map is modified after 1:50,000 maps (Tsushima & 1139 

Uemura, 1959; Uemura et al., 1959; Fujii, 1981). 1140 

 1141 

Figure 2. Bedrock outcrops of basalt in Shikibasawa. (a) Densely jointed bedrock 1142 

exposed in a stream channel. Length of hammer: ~30 cm. (b) Bedrock outcrop with 1143 

minor surficial cracks. 1144 

 1145 

Figure 3．Longitudinal profiles (lines) and normalized channel steepness (circles) along 1146 

the studied sections. Bar at the top represents channel substrate. (a) Blue and green 1147 

circles represent normalized channel steepness of the trunk stream (Tn1) and the 1148 

tributary (Tn2). Blue and green lines are stream profiles of Tn1 and Tn2. 1149 

 1150 

Figure 4. Comparison of 𝑘!" components and total 𝑘!" in Tanosawa. 1151 

 1152 

Figure 5. Variation of each 𝑘!" component and key factors associated with the imposed 1153 

sediment load. The top bar in (a), (c), (e), and (g) represents channel substrate. 1154 

 1155 



Figure 6. Comparison of 𝑘!" components and total 𝑘!" for volcanic and sedimentary 1156 

rock. Results of (a-d) the individual rivers and (e) the four rivers. (f) Cumulative 1157 

distribution function of the fraction of 𝑘!" components. 1158 

 1159 

Figure 7. Angles of hillslopes along the trunk stream in each river catchment. The top 1160 

bar represents channel substrate. 1161 

 1162 

Figure 8. (a) Cumulative frequency of b-axis for particles of sedimentary and volcanic 1163 

rock. (b) Effect of changing sediment source on the proportion of volcanic particles at 1164 

the channel bed. The color indicates the ratio of the 84th percentile grain size for the 1165 

volcanic and sedimentary rock particles measured in each Wolman count. Gray circles 1166 

are data in Mosawa. 1167 

 1168 

Figure 9. (a–e) Variation of channel width in each river and (f) whole study area. The 1169 

exponent b in equation 3 is estimated for each river. Local wideness values 𝑘# were 1170 

calculated using the b value shown in each panel. Circles in (b–f) are colored by 1171 

channel substrate. 1172 

 1173 

Figure 10. (a) A geologic map around Mosawa and its tributary after 1:50,000 maps 1174 

(Tsushima & Uemura, 1959; Uemura et al., 1959). Stream data along the solid white 1175 

lines are used in (c). (b) Proportion of volcanic rock in the upstream catchment. (c) Chi 1176 

plots for Mosawa and the tributary. Color represents the type of channel substrate. 1177 

Values of chi and elevation are adjusted so the most downstream point shown in (a) is 1178 

plotted at the origin. 1179 
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Table 1181 

 1182 

Table. 1. Channel and sediment characteristics in Tanosawa. The numbers except for 1183 

D84 are median values of the studied section. 1184 

 𝑘!" 

(m0.92) 

𝑘!"
#" 

(m0.92) 

𝑘!"
$# 

(m0.92) R (m) D84 (cm) 𝐹% (%) 

Tn1 39.2 12.2 21.3 0.7 19 10 

Tn2 20.3 8.1 12.1 0.6 14 20 
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