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Abstract 23 

Channel initiation, which is a key factor in the evolution of mountain landforms, is caused by a 24 

combination of various hydrogeomorphic processes. We modeled the channel initiation in steep mountains 25 

on the basis of the physical mechanism for sediment transport by surface and subsurface flows. Field 26 

investigations and Geographic Information Systems (GIS) analysis in the Higashi-gouchi catchment of 27 

central Japan showed that our model can well explain the area–slope relationship in steep and highly 28 

incised subcatchments, in which surface flow and shallow underground water would be the dominant flow 29 

components. In contrast, the area–slope relationship is not clear in gentler subcatchments, in which the 30 

contribution of deeper flow components (i.e., deep underground water) on the entire runoff is not negligible. 31 

Thus, the contribution of each runoff component to the total runoff is an important factor affecting the 32 

location of the channel head formed by surface and subsurface flows. Many channel heads in the deeply 33 

incised subcatchments in the Higashi-gouchi catchment have been formed by surface and subsurface flows, 34 

although many landslides have also occurred around the channel heads. Compared with the dominant flow 35 

components, activity of sediment supply from hillslopes might be a minor factor in determining the 36 

area–slope relationship for locating the channel head.  37 

Key words: Channel heads, Area–slope relationship, Surface erosion, Landslide, GIS 38 

39 
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1. Introduction 40 

Channel initiation is a key factor in the evolution of mountain landforms. The hydrogeomorphic 41 

processes determining the location of the channel head vary from catchment to catchment. Montgomery 42 

and Dietrich (1988, 1989) proposed a physically based area–slope threshold of shallow landslides, which 43 

successfully explains the inverse area–slope relationship for the channel head location. In contrast, the 44 

inverse area-slope relationship for the channel head location can also be explained in terms of erosion by 45 

surface and subsurface flow in areas with less landslides (Dietrich et al., 1992; Hattanji et al., 2006; 46 

Hattanji and Matsushi, 2006). In either case, drainage area and slope gradient are important factors 47 

affecting the location of the channel head. Montgomery and Dietrich (1994)  reported the area–slope 48 

relationships at channel heads under different lithologic and climatic conditions. In semiarid or 49 

Mediterranean environments, many researchers compared thresholds predicted by theoretical models with 50 

the observed area–slope relations at gully heads (Prosser and Abernethy, 1996; Vandaele et al., 1996; 51 

Vandekerckhove et al., 2000; Istanbulluoglu et al., 2002; Kirkby et al., 2003). The area–slope relationships 52 

determined by the previous studies are different because of the diversity of predominant hydrogeomorphic 53 

processes (i.e., sediment supply/transport processes and runoff components) that are affected by terrain, 54 

climate, soil depth, and geology (Montgomery and Dietrich, 1994; Vandekerckhove et al., 2000; Hattanji 55 

and Matsushi, 2006, McNamara et al., 2006). 56 

Shallow landsliding is an often-recorded geomorphic process in humid forested mountains 57 

(Tsukamoto et al., 1973, 1982; Dietrich and Dunne, 1978; Iida and Okunishi, 1983; Dietrich et al., 1986). 58 

Almost all zero-order basins have shallow-landslide scars on some granitic hillslopes in Japan (Tsukamoto 59 

et al., 1973, 1982; Iida and Okunishi, 1983; Onda, 1992). Many prior studies on landslide dominant 60 

mountains have dealt with channel initiation caused by landslides (e.g., Dietrich et al., 1992; Montgomery 61 

and Dietrich, 1994). The contribution of other sediment supply and transport processes to channel initiation, 62 

however, has rarely been discussed. 63 
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Both dissected and gentle terrains exist in some mountainous regions in which the uplift rate is 64 

high (e.g., Sugai, 1990). In humid regions, landslides usually supply a large volume of sediment to steep 65 

terrain, whereas the frequency of landslides is lower and erosion by surface and subsurface flows is the 66 

predominant process in gentle terrain (e.g., Sidle and Ochiai, 2006; Imaizumi and Sidle, 2007). Thus, the 67 

frequency of landslides as well as the type of predominant runoff may vary between dissected and gentle 68 

areas. Dietrich et al. (1987) suggested that a channel head advances upstream by shallow landsliding and 69 

migrates downstream as a result of sediment supply from side slopes during the landslide recurrence 70 

interval. Thus, the area–slope relationship would not be constant in highly uplifting mountainous areas 71 

because of the wide range of local landslide frequencies. Moreover, other sediment supply processes (e.g., 72 

debris flow and dry ravels), which change the volume of the storage around channel (Imaizumi et al., 2006; 73 

Imaizumi and Sidle, 2007), possibly affect the channel head location. 74 

The overall aim of this study is to examine the channel initiation based on physical modeling as 75 

well as field and Geographic Information Systems (GIS) investigations in the steep and rapidly uplifting 76 

Higashi-gouchi catchment in the Akaishi Mountains, central Japan. We studied the channel initiation 77 

caused by surface and subsurface flows in both deeply incised areas and relatively gentle areas of the 78 

catchment. Specific objectives included: (i) to make a physically based model that explains the channel 79 

initiation caused by entrainment of sediments by overland flow; (ii) to assess the area–slope relationship for 80 

the channel head location in mountainous catchments with a high uplifting rate by performing field surveys 81 

and an analysis using GIS and digital terrain models (DTM); and (iii) to clarify the influence of the 82 

predominant flow components as well as sediment supply activities on the area–slope relationship for the 83 

channel head location. 84 

 85 

2. Physically based model 86 
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The channel-head location must be determined by a tradeoff between the frequency of shallow 87 

landsliding and the magnitude and frequency of bedload transport (Hattanji et al., 2006). In the limiting 88 

case with no landslides, the channel head locations would be controlled by the area–slope threshold for 89 

bedload transport (Dietrich et al., 1992, 1993; Montgomery and Dietrich, 1994; Hattanji et al., 2006). In 90 

mountains with frequent landslides, active sediment supply from lateral hillslopes possibly buries channels 91 

and facilitates downstream migration of channel heads. Furthermore, channel heads could advance 92 

upstream by shallow landsliding (Dietrich et al., 1987). By assuming that the channel head locations are 93 

completely determined by the area–slope threshold for the bedload transport, we propose a physical model 94 

for channel initiation by surface and subsurface flows (Fig. 1). The first step of the analysis for the 95 

modeling is to predict the shear stress for the sediment transport around the channel head: 96 

ρgRSτ =  (1) 97 

where τ  is the shear stress (N m-2 ρ),  is the mass density of water (~1.0 × 103 kg m–3), g is the 98 

acceleration of gravity (9.8 m s–2 ρ) , R is the hydraulic radius (m), and S is the slope gradient. In Eq. (1),  99 

and g are considered to be constant. Thus, we need to obtain the critical value of R for entrainment of 100 

sediment in the given topography S.  101 

The second step of the analysis is to predict the peak hydraulic radius R at the channel head 102 

during heavy rainfall events. Many hydrologic studies have reported the discharge–rainfall intensity 103 

relationship at channel heads, especially during heavy rainstorm events (e.g., Montgomery et al., 1997; 104 

Uchida et al., 1999; Hattanji et al., 2006). In addition, previous models for channel initiation have assumed 105 

that the discharge increases in proportion to the drainage area (Dietrich et al., 1992, 1993; Montgomery and 106 

Dietrich, 1994; Hattanji et al., 2006). If the peak discharge Qp (m3 s-1) resulting from a storm is directly 107 

proportional to the drainage area A (m2) and the effective rainfall intensity IR (m s-1

p p RkQ I A=

), then: 108 

 (2) 109 

where kp is a dimensionless coefficient equal to peak specific discharge per unit rainfall intensity (Hattanji 110 
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et al., 2006). Peak discharge Qp (m3 s-1) can be also estimated from the peak cross-sectional area at the 111 

channel head, a (m2), and the flow velocity v (m s-1

avQ =p

) at that time: 112 

  (3) 113 

The flow velocity is given by Manning’s equation, which appropriately estimates the flow velocity in open 114 

channels: 115 

 1 2/3 1/2nv R S−=  (4) 116 

where n is Manning’s roughness coefficient. Note that Eq. (4) is for turbulent overland flow and is not 117 

applicable to laminar overland flow. By assuming that the cross-sectional area of the channel head is an 118 

inverted triangle (Fig. 1), R and a are determined by the water depth h as follows: 119 

 1BR h=   (5) 120 

 2
2Ba h=  (6) 121 

where B1 and B2 φ are constants given by the cross-sectional gradient of the channel bed  122 

( φcos2B 1
1

−= , 1
2 tanB −= φ ). By substituting Eqs. (3) and (6) into Eq. (2) and replacing h with R by 123 

using Eq. (5), the peak hydraulic radius is given as: 124 

 ( )3/82 1 1/2
1 2 p RB B n kR I AS− −=  (7) 125 

The peak shear stress at the peak hydraulic radius is gotten by substituting Eq. (7) into Eq. (1): 126 

( )3/82 1 3/8 13/16
1 2 p Rρg B B nk I A Sτ −=  (8) 127 

The channel head would advance upstream if the peak shear stress exceeds the critical shear 128 

stress cτ  of the sediment at the channel head. By equating τ  and cτ , the relationship between drainage 129 

area A and slope gradient S at the channel head is: 130 

 13/6BA S −=  (9) 131 

where B is a constant: 132 

 ( )8/3-2 -1 1 1 1 1
1 2 p R cB B B n kρg I τ− − − −=  (10) 133 

Our model might not be able to account for the area–slope relationship if the location of the 134 
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channel head were heavily affected by the sediment supply activity from hillslopes rather than the sediment 135 

transport condition given by Eq. (9). Upstream migration of the channel head caused by shallow landsliding 136 

might also obscure the area–slope relationship. In this study, we evaluated the influence of sediment supply 137 

and landsliding on the location of the channel head by comparing Eq. (9) with the actual slope–area 138 

relationship on site. Our model is partly based on the channel initiation model considering surface erosion 139 

by turbulent overland flow proposed by Dietrich et al. (1993). They assumed surface erosion on an inclined 140 

plane; the slope length (m) was used as a parameter for representing the drainage area in their model. In 141 

contrast, our model assumes water accumulation from a concave drainage area (with the dimension of m2

 We applied the physically based model to sedimentary rock mountains in the upper half of the 151 

drainage area of the Higashi-gouchi River (17.6 km

). 142 

Our model considers that water accumulates not only from surface flows, but also from subsurface flows 143 

that sometimes form channels through seepage erosion (e.g., McNamara et al., 2006), when the 144 

contributing area of the subsurface flow corresponds to that estimated by the topography. Note that our 145 

model does not consider upstream migration of the channel head caused by erosion of unchannelized 146 

regolith; higher stream power may be needed for the erosion of hillslope regolith because of its higher 147 

cohesion reinforced by roots.  148 

 149 

3. Study area 150 

2), a tributary of the Ohi River, central Japan (Fig. 2). 152 

The Higashi-gouchi catchment is located in the Akaishi Mountains whose uplifting rate is the highest in 153 

Japan (4 mm yr-1; Danbara, 1971). The lowest elevation in the Higashi-gouchi catchment is at the south end 154 

(900 m a.s.l.); the highest elevation is the peak of Mount Aonagi (2406 m a.s.l.) at the northwest end. The 155 

entire study area has been managed by the University of Tsukuba as the “Ikawa University Forest”; 156 

artificial forests of sugi (Japanese cedar, Cryptomeria japonica), hinoki (Japanese cypress, Chamaecyparis 157 
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obtusa), and karamatsu (Larix kaempferi) occupy 17% of the catchment. Natural forest (77%; mainly 158 

secondary forest), landslides, and the riparian area occupy the rest of the catchment. A large part of the 159 

forest (mainly conifer trees) was harvested in the 1950s and 1960s. Other than forest management 160 

(replanting and thinning) in the artificial forests and construction of check dams along the Higashi-gouchi 161 

River, almost no anthropogenic disturbances have occurred since the harvest. The main geologic unit is the 162 

Shimanto Cretaceous strata comprised of sandstone and shale. Most of the catchment is characterized by 163 

very steep slopes; slopes with gradients of 35˚–45˚ comprise about 50% of the entire catchment. Brown 164 

forest soil covers most of the catchment. 165 

The Higashi-gouchi catchment receives abundant rainfall (average 2800 mm annually in the 166 

period from 1993 to 2002). Heavy rainfall events (i.e., total rainfall > 100 mm) occur during the Baiu rainy 167 

season (June and July) and in the autumn typhoon season (late August to early October). Winter snowfall 168 

occurs from December to March, but precipitation in this period accounts for only about 15% of the total 169 

annual precipitation. Except the north-facing slopes, the annual maximum depth of snow cover is less than 170 

20 cm; most of the snow melts within a week after a snowfall. Thus, snowmelt is typically not a significant 171 

sediment supply mechanism in this area. Landslides and debris flows associated with high precipitation 172 

during the Baiu rainy season and the typhoon season are the major sediment supply processes in this area 173 

(Maita et al., 1983; Matsushita et al., 2003). Investigations using color aerial photographs with a resolution 174 

of 40 cm taken in 2007 revealed that landslide area occupied 3.6% of the entire Higashi-gouchi catchment. 175 

Freeze-thaw that promotes dry ravel at landslide scars is also an important sediment supply process in this 176 

region (Maita, 1985; Imaizumi et al., 2006). The average erosion rate around the Higashi-gouchi catchment, 177 

as estimated from changes in the volume of deposits in the Ikawa Dam reservoir (13 km downstream of the 178 

catchment) from 1967 to 1991 divided by contributing area of the reservoir, is 7 mm yr-1. The topography 179 

of the catchment is characterized by relatively gentler slopes around ridge lines, formed by periglacial 180 

processes (Sugai, 1990), and deeply incised valleys along the Higashi-gouchi River and its large tributaries. 181 
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Soil depth in gentler areas is thicker (0.5–2 m; Sugai, 1990) than in steeper areas (typically < 1 m). 182 

 183 

4. Methodology 184 

4.1. Analysis of catchment topography 185 

The Ikawa University Forest conducted airborne LiDAR (Light Detection And Ranging; vertical 186 

accuracy, < 0.35 m) scanning on December 1, 2007, after fall of deciduous leaf and before snow cover. 187 

Interval of measure points by the scanning were 1.2 and 1.5 m for along-track and cross-track directions, 188 

respectively. The ground elevation points filtered by vegetations were interpolated into a 1-m resolution 189 

DTM using TIN model. This resolution of the DTM is considered to be sufficient to investigate channel 190 

head location as well as dominating sediment supply and transport processes (e.g., Tarolli and Fontana, 191 

2009). Aerial photograph investigations conducted in the catchment showed that the landslide frequency 192 

was generally high in the terrain with high roughness, characterized by incised valleys and steep hillslopes 193 

(Matsushita et al., 2003). In contrast, the landslide frequency in the low roughness area was apparently 194 

lower than in the high roughness area (Matsushita et al., 2003). Thus, roughness of the terrain calculated 195 

from the DTM was used to classify subcatchments into two types: high roughness area (HRA) and low 196 

roughness area (LRA). We assumed that landslides and erosion by surface/subsurface flows were the 197 

predominant sediment supply process in HRAs and LRAs, respectively. Some prior studies proposed 198 

methods of determining surface roughness (e.g., McKean and Roering, 2004; Glenn et al., 2006). In this 199 

study, we used standard deviation of the slope gradient as a parameter of roughness, which successfully 200 

quantifies surface morphology (Frankel and Dolan, 2007). First, we visually separated the catchment into 201 

43 subcatchments with similar catchment areas (average 0.4 km2, Fig. 3). We set many subcatchment 202 

boundaries on low ridge lines which separate incised (high-roughness) and flat (low-roughness) tributaries. 203 

Second, the standard deviation of the slope gradient (tan θ) within a radius of 10 m was calculated for each 204 
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1-m grid cell using the 1-m resolution DTM (Fig. 4). We used tan θ, not degrees or radians, since the 205 

roughness calculated from tan θ has a larger weight in steeper terrains in which landslides usually occur. 206 

Finally, the average roughness was calculated for each subcatchment.  207 

 208 

4.2. Field survey 209 

 We mapped the locations of sixteen channel heads by conducting field surveys. Exact locations of 210 

some channel heads were surveyed using a global positioning system (GPS; accuracy, 5–10 m) and a 211 

differential global positioning system (DGPS; accuracy, 2–3 m). We identified the channel heads based on 212 

the general definition of ‘‘the upstream boundary of concentrated water flow and sediment transport 213 

between definable banks’’ (Dietrich and Dunne, 1993). Exposure of bedrock and the formation of armor 214 

coats were evidence of sediment transport and surface water generation on site. Active sediment supply 215 

from hillslopes sometimes obscured banks and evidence of surface flow in some channels; these channels 216 

were also mapped and analyzed in this study. We classified the channel heads on the basis on their initiation 217 

mechanism; those formed by landslides (and subsequent debris flows) and those by surface/subsurface flow. 218 

Both surface erosion by overland flow and seepage erosion, which can be explained by our model, were 219 

treated together in this study. 220 

 We also measured the detailed topography around two channel heads on site (C1 and C2; Figs. 3 221 

and 5). Topography around C1, which was characterized as steep hillslopes, incised valley, and thin regolith, 222 

agree with typical topographic characteristics in HRAs. On the contrary, as with typical topography in 223 

LRAs, topography around C2 was relatively gentle. We measured the cross-sectional topography along five 224 

cross-sectional lines around each channel head by using tape measures and a laser ranger. The distance 225 

between adjacent cross-sectional lines was about 40 cm, and the interval between each measuring point in 226 

individual cross-sectional lines was 5 cm. We also sampled sediments around the channel heads for grain 227 

size analysis (>2 kg at each site). The samples were dried in an oven at 110°C for 6 hours and then 228 
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analyzed by using sieves with mesh sizes of 1, 2, 4, 8 and 16 mm. The diameter of the sediments >16 mm 229 

was manually measured by using a scale. Sediments of each grain size class were weighed with an electric 230 

balance. The topography and grain size distribution were used to evaluate the shear stress and critical shear 231 

stress at the channel head. 232 

 233 

4.3. Analysis of channel heads by GIS 234 

 The topographic features around the sixteen channel heads, whose location was determined in the 235 

field surveys, were checked in the slope gradient distribution map drawn from the 1-m resolution DTM 236 

(Fig. 3). We could identify all of channel heads investigated in the field surveys on the slope distribution 237 

map. Distance between channel heads investigated using DGPS and those estimated from the slope gradient 238 

map was generally less than 10 m. This distance would be affected by accuracy of DGPS, resolution of the 239 

slope distribution map, and error associated with the detecting method for channel head locations on the 240 

slope map. We assumed that resolution of the slope gradient map was sufficient for locating channel heads 241 

with accuracy < 10 m. Since very steep topography in the Higashi-gouchi catchment prevents us from 242 

conducting field surveys at most of channel heads, we identified the location of the rest of the channel 243 

heads by using the slope gradient map. The channel gradients from the channel head to a point 10 m 244 

downstream (S in Fig. 1) were analyzed using the DTM. We investigated the channel gradient, not the slope 245 

gradient above channel heads, because our model is based on the sediment transport mechanism in 246 

channels. The catchment area above the channel heads (A in Fig. 1) was estimated from the flow direction 247 

of each cell, as calculated from the DTM (Jenson and Domingue, 1988).  248 

  249 

5. Results 250 

5.1. Classification of subcatchments 251 
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The frequency distribution of the average roughness in the catchment had two peaks around 0.17 252 

and 0.23 (Fig. 6). Thus, we set the borderline between HRAs and LRAs at the average roughness of 0.20, at 253 

which there were clearly fewer catchments than in the lower and higher roughness classes. The HRAs 254 

classified by the GIS analysis were mainly located around the upper stream of the Higashi-gouchi River 255 

and along large tributaries, whereas the LRAs were mainly located near mountain ridge lines and areas far 256 

from large tributaries (Fig. 4). The ratio of landslide area to the entire area was 5.4% and 2.5% in the HRAs 257 

and LRAs, respectively. Average slope gradient in the HRAs (44˚) was higher than that in the LRAs (38˚). 258 

The ratio of gentle area (i.e., < 30˚) to the entire area was 7.5% and 19% in the HRAs and the LRAs, 259 

respectively, indicating that HRA terrain was apparently steeper than LRA terrain. Based on our 260 

classification, the channel head C1 was located in an HRA catchment, and C2 was in an LRA. 261 

 262 

5.2. Channel head features 263 

 Grass cover on the channel heads was rarely found in the field surveys. The high crown density 264 

of trees and gravelly sediments around the channel heads might have prevented vegetation coverage. Thus, 265 

turbulent flow was considered to be a dominant flow type at the channel heads, rather than laminar 266 

overland flow that usually occurs on channels covered by grass (Montgomery and Dietrich, 1994). Some of 267 

the surface-flow channels were located downslope of old landslide scars. Landslide deposits fed by infilling 268 

processes (e.g., soil creep and dry ravel) were identified around these channel heads (e.g., C2 in Fig. 5). We 269 

could visually distinguish between channels initiated directly from landslides, which generally have wide 270 

channel heads (i.e., > 5 m), and those initiated from surface flow, which have narrow channel heads (< 5 m), 271 

by using the 1-m resolution DTM. 272 

 Cross-sectional profiles downstream of the channel head C1 showed clear banks on both sides of 273 

the channel, whereas the banks around C2 were not clear except at the exact location of the channel head 274 

(C2-3, Fig. 7). C2 was located downslope of an old and large landslide scar; deposits (depth < 1 m) 275 
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composed of landslide sediment as well as in-filled sediment were found in the field survey (Figs. 5 and 7). 276 

The cross-sectional profiles around C1 and C2 had knickpoints in the slope gradient (Fig. 7). The 277 

relationship between the water depth and the hydraulic radius, estimated from the cross-sectional profile, 278 

varied around these knickpoints (Fig. 8). However, the overall relationship between water depth and 279 

hydraulic radius can be properly explained by the fitting line obtained by least squares regression analysis 280 

(Table 1). The constant B1 for the best-fit line varied between C1 and C2 as well as amongst cross-sectional 281 

lines around the same channel head. The cross-sectional area of water flow increased sharply with 282 

increasing water depth (Fig. 8). A quadratic curve can well explain the relationship between the water depth 283 

and cross-sectional area (Table 1). Although coefficients of determination (R2) and P value for the fitting 284 

curves of the water depth–area relationship generally exceeded those for the water depth–hydraulic radius 285 

relationship, the range of the constant B2 was wider than that of B1. The grains around the channel heads 286 

were relatively coarse; d50

A total of 148 channel heads were identified in the field surveys and GIS analysis (Fig. 3). Of 291 

these, twenty-six were directly initiated from landslides and debris flow scars, much fewer than the ones 292 

formed by surface and subsurface flows (122 in total; 50 and 72 in the HRAs and LRAs, respectively). We 293 

did not analyze the location of channel heads formed by landslides and debris flows, and instead focused on 294 

the channel initiation caused by surface and subsurface flows. Many of the channel heads formed by the 295 

flows were located downslope of old landslide scars (78% and 62% in the HRAs and LRAs, respectively). 296 

Our GIS analysis revealed that many channel banks in the HRAs have unclear sections, whereas channel 297 

banks in the LRAs were relatively clear. Active sediment deposition on channels in the HRAs and/or more 298 

enhanced erosion of channel side walls in steeper terrain (Oguchi, 1997)  likely obscured channel banks. 299 

 around C1 and C2 was 40 and 50 mm, respectively (Fig. 9). Particles from 30 to 287 

100 mm in diameter accounted for about 70% of the particles at C1 and C2.  288 

 289 

5.3. Channel head locations 290 
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The GIS analysis did not reveal the exact location of some channel heads, especially in the HRAs, because 300 

of the complex topography around the channels. Hence, we did not analyze the locations of these channel 301 

heads. 302 

The drainage area above a channel head was inversely related to the channel gradient in the 303 

log-log plots (Fig.10). The relationship was relatively clear in the HRAs. Best-fit curves for this 304 

relationship, which was expressed as Eq. (9) in theory, were obtained by the least squares method. The 305 

constant (B in Eq. (9)) and exponent for the HRAs were 4568 m2 and -2.33, respectively. The coefficients 306 

of determination (R2) for the best-fit power law relationship for the HRAs was 0.18 (P <0.01). In contrast, 307 

the area–slope plots were widely scattered in the LRAs. The constant and exponent in the LRAs were 8340 308 

m2 and -0.62, respectively. R2 for the best-fit power law relationship was 0.04 (P = 0.19). The slope 309 

gradient downstream of the channel head usually exceeded 0.5 in the HRAs, while the slope gradient of 310 

some channel heads in the LRAs were below 0.5 (Fig. 10). In addition, the drainage area above the channel 311 

head in the HRAs was usually from 2000 to 30000 m2

The distribution of grain sizes around the two channel heads (C1 and C2) indicated that fine 318 

sediment was preferentially washed away by water (e.g., surface flow and seepage). Entrainment of fine 319 

particles during moderate rainfall events at the channel head was also observed in Japan (Terajima et al., 320 

2001). Not only fine sediment but also coarser sediment is transported for formation of the channel head. 321 

Thus, transport conditions for coarse sediment left around channel heads should be discussed as part of the 322 

, whereas the drainage area in the LRAs was 312 

significantly larger (Fig. 10). Consequently, the channel heads in the LRAs could be characterized as 313 

having wider distributions of drainage area and slope gradient in comparison with those of the HRAs. 314 

 315 

6. Discussion 316 

6.1. Sediment transport at channel heads 317 
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channel initiation process. The dimensionless shear stress, τ*

( )[ ] 1gρσ* −−= dττ

 (Shields parameter), which is an index to 323 

compare shear stress values under different site conditions, is given by the following equation: 324 

 (11) 325 

where σ is the mass density of the sediment (~2.65 kg m–3), ρ is the mass density of water (~1.0 × 103 kg 326 

m–3), g is the acceleration of gravity (9.8 m s–2

*
cτ

), and d is the grain size of the sediment (m). Dimensionless 327 

critical shear stress  is also given by Eq. (11) and replacing *τ  with *
cτ . The dimensionless critical 328 

shear stress for entrainment of d50
*
50cτ sediment ( ) usually ranges between 0.05 and 0.09 (Parker et al., 329 

1982; Andrews, 1983; Ferguson, 1994) in gentler channels, while higher values of *
50cτ  (0.14–0.23) occur 330 

in some gravel-bed and boulder-bed rivers (Batalla and Martín-Vide, 2001; Lenzi et al., 2006; Imaizumi et 331 

al., 2009). In the case of 15.0*
50c =τ , the shear stress τ needed for entrainment of d50 sediment at sites C1 332 

and C2 was 97 and 121 N m-2

 The exponent of the area–slope relationship for the HRAs (-2.33) roughly corresponded to that of 340 

our physically based model (-13/6) using Eq. (9) (Fig. 10), indicating that our model can properly explain 341 

channel initiation in the HRAs. Since location of many channel heads were investigated only by DTM 342 

analysis, relationship between area–slope plots may be obscured by errors due to our detecting method for 343 

the channel head location (assumed maximum error, 10 m). Slope gradient that are highly affected by the 344 

local channel profile would be more sensitive to that error than the catchment area. The spatial variability 345 

of B

, respectively. The hydraulic radius for these critical shear stresses calculated 333 

from Eq. (1) was 11 and 14 mm, respectively. Roughness of bedrock as well as reinforcement by organics 334 

(e.g., roots and woody debris) might increase the critical hydraulic radius for entrainment of sediments 335 

around channel heads (e.g., Gomi and Sidle, 2003). In any case, the water height for initiating the channel 336 

head may exceed 10 mm at the study site. 337 

 338 

6.2. Locations of channel heads and topography types 339 

1 and B2 (in Eqs. (5) and (6)) as well as that of the grain size, which directly affects critical shear stress 346 
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for entrainment of sediment, might also have scattered area–slope plots. The topography of the 347 

bedrock-regolith boundary that controls the direction of the subsurface storm flow would approximate the 348 

surface topography in the case of shallow regolith (Hutchinson and Moore, 2000). Thus, shallow regolith in 349 

the HRAs might have resulted in a clear relationship between storm flow and drainage area, as needed for 350 

determining the theoretical area–slope relationship to be valid. In contrast, the slope–area relationship was 351 

not clear in the LRAs (Fig. 10). Because of its low landslide frequency and gentle terrain, the depth of the 352 

soil layer in the LRA (0.5–2 m) is generally deeper than in the HRA (< 1 m). In addition, as is obvious from 353 

the multiple ridges in the LRAs (e.g., area A in Fig. 3), highly fractured bedrock in the LRAs has slide 354 

surfaces in the deep layer. Therefore, groundwater in the LRAs likely infiltrates the deep layer through 355 

cracks. Hattanji and Matsushi (2006) showed that area–slope relationship was unclear in areas where 356 

deeper groundwater significantly contributes to the entire runoff. The difference in drainage area estimated 357 

from the surface topography and the actual drainage area might be a reason for the obscured area–slope 358 

relationship in the LRA. 359 

In areas where infilling processes (i.e., soil creep, dry ravel) in and around landslide scars are 360 

active, channels initiated by landsliding may be easily buried by the infilling processes after original failure. 361 

Surface and subsurface flows would form new channel heads on these buried channels. Since width of 362 

landslide scars (generally > 10 m) is wider than channel heads formed by surface and subsurface flows 363 

(typically < 5 m), landslide scars are not continuously connected to the channels newly formed by surface 364 

and subsurface flows. Thus, even in the HRAs, number of channel head directly started from landslides and 365 

debris flow scars were much less than ones formed by surface and subsurface flows (11 and 50, 366 

respectively). Lin and Oguchi (2006) also reported the development of a drainage system within a large 367 

landslide scar near the Higashi-gouchi catchment. 368 

The sediment supply rate in the HRAs would be much higher than in the LRAs because of high 369 

landslide frequency and steep slopes that promote dry ravel and rock fall. In fact, many channels in the 370 
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HRAs had sections that covered by sediments from hillslopes. However, the area–slope relationship in the 371 

HRAs was much clearer than in the LRAs (Fig. 10), indicating that sediment supply is a minor determining 372 

factor for the location of channel heads in comparison with the difference in the hydrological processes.  373 

 374 

6.3. Comparison with other regions 375 

A similar exponent in the area–slope relationship (Eq. (9)) has also been found in the Pacific 376 

Northwest, Belgium, Thailand, and Japan (Montgomery and Dietrich, 1994; Nachtergaele et al., 2001; 377 

Hattanji et al., 2006; McNamara et al., 2006), indicating that Eq. (9) is applicable to other humid regions. 378 

The exponent was higher than in semiarid areas, ranging from -2.4 to -9.6 (Vandekerckhove et al., 2000), 379 

although a higher exponent (≈ -0.5) was obtained from an analysis in which all of these semiarid data were 380 

plotted together (Kirkby et al., 2003). Prior studies have pointed out that difference in the dominating 381 

runoff components (i.e., surface flow, subsurface flow, and ground water) affects the variability of the 382 

exponent amongst catchments (Montgomery and Dietrich, 1994; Vandekerckhove et al., 2000). The 383 

difference in the flow type (i.e., turbulent and laminar flow) also affects it (Montgomery and Dietrich, 384 

1994). The constant B in Eq. (9) for the Higashi-gouchi catchment was much larger than that of the other 385 

catchments reported in Hattanji and Matsushi (2006)  (Table 2). The larger grain size in the Higashi-gouchi 386 

catchment might increase the critical shear stress and be the cause of the higher B. The difference in the 387 

contribution of ground water flow to the entire runoff also affects B (Hattanji and Matsushi, 2006). High 388 

relief energy in the Higashi-gouchi catchment may result in a large kp value, which is inversely 389 

proportional to B  (Eq. (10)). However, B was higher than in other catchments (Table 2), indicating that 390 

relief energy does not affect B as much as other factors. Locations of many channel heads in the 391 

Higashi-gouchi catchment were investigated only by DTM analysis. Hence, R2 of the area–slope 392 

relationship in the Higashi-gouchi catchment would be lower than that in other regions (Table 2). 393 

Uniformity of the grain size and the cross-sectional profile of channel heads in individual study areas 394 
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would also affect the R2

 Our study elucidated that many channels in the landslide dominating area, in which old landslide 415 

scars exist around most of the channel heads, were formed by surface and subsurface flows. Therefore, 416 

various hydrogeomorphic processes related to channel initiation should be considered to understand the 417 

 of the area–slope relationship. 395 

 396 

7. Conclusions 397 

 Channel initiation, which are key factors in the evolution of mountain landforms, were modeled 398 

on the basis of the physical mechanism for sediment transport by surface and subsurface flows. The peak 399 

discharge for sediment transport around channel heads was estimated by assuming that the discharge is 400 

proportional to the catchment area above the channel head. Physical analysis of sediment transport by 401 

surface and subsurface flows showed that the catchment area was inversely proportional to the channel 402 

gradient in the log-log plots; the exponent of the area–slope relationship in our model was equal to -13/6. 403 

Area–slope relationship in the Higashi-gouchi catchment of central Japan, as investigated by field surveys 404 

and GIS analysis, varied among the subcatchments. In the high roughness areas (HRAs) with high landslide 405 

frequency and highly incised topography, the area–slope relationship was clear, and the exponent of the 406 

fitting curves (= -2.33) was similar to that of our model (= -13/6). In contrast, the area–slope relationship 407 

was not clear in the low roughness areas (LRAs), in which landslides are infrequent. Shallow regolith in the 408 

HRAs might have resulted in a clear relationship between storm flow and drainage area, as needed for 409 

determining the theoretical area–slope relationship (Eq. (9)) to be valid. In the LRAs, deeper flow 410 

components would have obscured the drainage area–discharge relationship. Consequently, the type of 411 

runoff components would be the predominant factor affecting the area–slope relationship. Active sediment 412 

supply in the HRAs sometimes buries channel sections; however, the influence of the sediment supply on 413 

the area–slope relationship could not be ascertained. 414 
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evolution of mountain landforms. We also conclude that the difference in runoff components is the 418 

important factor affecting the location of channel heads, rather than the sediment supply rate. To 419 

demonstrate the influence of hydrological processes on channel initiation in detail, discharge observations 420 

as well as the detailed topographic surveys will have to be examined. 421 

 422 

 423 
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 540 

Figure legends 541 

Fig. 1. Schematic diagram showing the location and topography of a channel head. (a) Catchment area and 542 
slope gradient of a channel head. (b) Cross-sectional topography of the channel head. 543 

Fig. 2. Map of Higashi-gouchi catchment. 544 

Fig. 3. Slope gradient map of the Higashi-gouchi catchment. The location of the channel head is also shown. 545 
Detailed topography around C1 and C2 was measured on site. Multiple ridges exist in area A. The photo is 546 
a channel head initiated by landsliding; the black arrow shows its location.  547 

Fig. 4. Spatial distribution of roughness and subcatchment type. (a) Spatial distribution of roughness. (b) 548 
Type of subcatchment classified using average roughness in individual subcatchments. Locations of the 549 
channel heads are also shown. 550 

Fig. 5. Topography and view around channel heads C1 and C2. (a) Distribution of slope gradient around C1 551 
and C2. Arrows point out the locations of the channel heads, and their direction shows the direction of 552 
photographs in (b). The white dashed line upstream of C2 indicates an old landslide scar, and the red 553 
dashed line surrounds landslide deposits. (b) Photographs taken around C1 and C2. The dashed lines show 554 
the outline of the channel heads. Yellow and white tapes in the photograph of C2 indicate the directions of 555 
longitudinal and transverse sections of the channel, respectively. 556 

Fig. 6. Histogram of the average roughness in individual subcatchments. 557 

Fig. 7. Topography around channel heads. (a) Cross-sectional profiles of channel heads C1 and C2. (b) 558 
Longitudinal profile along the dashed line in (a). 559 

Fig. 8. Hydraulic radius (a) and cross-sectional area (b) versus water depth along five cross-sectional lines 560 
at channel heads C1 and C2. 561 

Fig. 9. Grain size distribution at channel heads C1 and C2 562 

Fig. 10. Plot of slope gradient (tan θ) and drainage area above a channel head. Channel heads initiated 563 
directly from landslides are not plotted. 564 
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 1 

Table 1. Coefficients and correlations for the relationships between water depth and hydraulic radius, and 2 
between water depth and cross-sectional area. (a) B1 of the best-fit lines for the relationship between water 3 
depth and hydraulic radius (Eq. 5). (b) B2

(a) 

 of the best-fit curves for the relationship between water depth 4 
and cross-sectional area of flow (Eq. 6). The coefficient of determination and the P value for each fitting 5 
equation are also listed. 6 

 7 

    (b)    

line B R1 P 2  line B R2 P 2 
C1-1 0.369  0.980 <0.01  C1-1 2.64  0.995 <0.01 
C1-2 0.393  0.978  <0.01  C1-2 3.12  0.992 <0.01 
C1-3 0.347  0.988  <0.01  C1-3 1.55  0.999 <0.01 
C1-4 0.359  0.994  <0.01  C1-4 1.42  0.993 <0.01 
C1-5 0.203  0.893  <0.01  C1-5 1.06  0.945 <0.01 
C2-1 0.385  0.980  <0.01  C2-1 3.66  0.993 <0.01 
C2-2 0.277  0.935  <0.01  C2-2 1.48  0.989 <0.01 
C2-3 0.483  0.999  <0.01  C2-3 2.14  0.995 <0.01 
C2-4 0.473  0.990  <0.01  C2-4 4.01  0.999 <0.01 
C2-5 0.407  0.987 <0.01  C2-5 4.30  0.999 <0.01 

         

 8 

 9 

Table 2 Area-slope relationship at the channel head in several regions in Japan, as determined by Eq. (9). 10 

 11 

Area Rock type B exponent R2 
Ashio chert  a 750 -2.5 0.56 
Ashio sandstone a 580 -2.1 0.37 
Kanozan mudstone a 170 -2.0 0.43 
Higashi-gouchi sandstone and shale b 4568 -2.3 0.18 

a Hattanji and Matsushi (2006), b High roughness areas (HRAs) in this study 12 
 13 

 14 

 15 
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