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Abstract 

Forest harvesting is one of the most common and significant land cover changes and largely affects hydrogeomorphic processes in 
mountainous areas. Many studies have reported the direct impacts of forest harvesting on the susceptibility of slopes to landslides 
and surface erosion. However, ambiguity still remains in the impacts of forest harvesting on the occurrence of debris flows in 
channel. The impact of forest harvesting on the susceptibility of torrents to debris flows and associated hydrogeomorphic processes 
was interpreted in the Sanko catchment, central Japan, where the forest management record dates back to 1912. In order to clarify 
the contribution of landslides on the initiation of debris flows, landslides were classified into three types based on the termination 
point of the landslide sediment. Effects of terrain on the susceptibility of debris flows coming directly from landslides and those 
caused by mass movement of channel deposits were analyzed separately using aerial photographs taken in nine different years. 
Impact of forest harvesting on debris-flow occurrence was greatest in forest stands that were clearcut 1 to 10 yr earlier, with 
progressively lesser impacts continuing up to 25 yr after harvesting. The frequency of debris flows, which came directly from 
landslides, showed a similar time variation to that of landslides. A higher ratio of landslides turned directly into debris flows in 
steeper channel sections than in gentler channel sections. Angle of the landslide-channel junction also affected the ratio of landslides 
turning into debris flows.  Debris flows caused by mass movement of channel deposits during high streamflow events also 
frequently occurred within 25 yr of clearcutting, possibly associated with active sediment supply from hillslopes by the landslide. 
Debris flows classified into this type were mostly initiated in channel sections steeper than 20°. Therefore, the effect of forest 
harvesting on debris flow susceptibility is variable depending on catchment terrain. Field monitoring showed that volume and 
spatial distribution of channel deposits, which affects bedload rate, depends on debris flow history in the catchment. Suspended 
sediment rate was also affected by debris flow and landslide history, because debris flows create sources of suspended sediment, 
such as bare areas along channel banks. Therefore, the impacts of debris flows on hydrogeomorphic processes after forest harvesting 
likely continue beyond the decline in debris flow and landslide frequency, due to changes to the sediment storage and sediment 
source by the occurrence of debris flows. 
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1. Introduction 

The occurrence of debris flows, which cause severe sediment disasters all over the world, is controlled by sediment 
and water supply from hillslopes into channels (Bovis and Jakob, 1999; Imaizumi et al., 2017). Forest harvesting is 
one of the most common and significant land cover changes and largely affects hydrogeomorphic processes on 
mountain hillslopes (Ueno et al., 2015; Borrelli et al., 2017). Although many studies have reported the direct impacts 
of forest harvesting on the susceptibility of slopes to landslides and surface erosion (Imaizumi et al., 2008; Goetz et 
al., 2015), ambiguity still remains in the impacts of forest harvesting on the occurrence of debris flows (May, 2002; 
Jakob et al., 2005). Increases in the landslide frequency on hillslopes affects debris flows originating directly from 
landslides (Imaizumi et al., 2007). Additionally, changes in the sediment and water supply caused by forest harvesting 
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possibly alters the frequency of debris flows triggered by streamflow erosion of channel deposits. Understanding of 
the susceptibility of debris flows triggered by each mechanism after forest harvesting is important in reducing the risk 
of sediment disasters by the forest management.  

The predominant type of sediment transport process is highly affected by channel gradient. Debris flows are 
predominant in steep channel sections (e.g., >15 degrees), while bedload transport is predominant in gentler channel 
sections (VanDine, 1985; Imaizumi et al., 2007). Thus, increases in the sediment supply rate into channel networks 
does not simply increase debris-flow frequency in gentler channels. Impacts of forest harvesting on the occurrence of 
debris flows need to be evaluated under the consideration of catchment topography.   

Occurrence of debris flows does not only directly alter channel topography (e.g., Imaizumi et al., 2017), it also 
creates possible sediment sources for fluvial processes by erosion of channel banks and deposition of unstable sediment 
within the channel (Imaizumi et al., 2012). Therefore, the impact of a debris flow on hydrogeomorphic processes after 
forest harvesting possibly continue beyond the decline in debris flow and landslide frequency. 

The aim of this study is to clarify the effects of forest harvesting on the susceptibility of debris flows and associated 
hydrogeomorphic processes. Occurrence of debris flows and landslides were interpreted using aerial photographs for 
the Sanko catchment, central Japan, where forest harvesting and replanting have been conducted for over 100 years 
(Imaizumi et al., 2008; 2012). Effects of harvesting on the occurrence of debris flows were evaluated by analyses of 
the forest management history and the topography using GIS. Field surveys were also conducted to reveal the volume 
of sediment storage (i.e., channel deposits and landslide sediment in this study) in the basin and sediment transport 
activity by fluvial processes including bedload and suspended sediment transport. 

2. Study Site

The Sanko catchment is an 8.50 km2 basin which forms the headwaters of the Kanno River, a tributary of the
Kumano River, central Japan (Fig. 1). The area is underlain by the Cretaceous Shimanto belt comprised of sandstone 
and claystone. Sandstone dominates surface geology and is relatively homogeneous throughout the catchment. 
Elevation of the catchment ranges from 750 to 1372 m a.s.l. Despite the east of the catchment being slightly steeper 
than other portions, hillslope gradient is relatively homogeneous throughout the catchment with a mean of 34˚. Channel 
gradients are 1.5–5˚ in the main stream (Kanno River), and 5–35˚ in the tributaries. All channels in the subcatchments 
are deeply incised with narrow riparian areas (ranging from 5 to 10 m wide). Soil depth is shallow (typically ranging 
from 0.5 to 1.0 m) because of the steep terrain.  

Mean annual rainfall measured at Kyoto University’s Wakayama Forest Research Station located about 3 km west 
of Sanko catchment is 2500 mm (Imaizumi, 2008). Heavy rainfall events (i.e., total storm rainfall > 100 mm) occur 
during the Baiu rainfall front (June and July) and in the typhoon season (from late August to early October). Snowfall 

Fig. 1. Topographic map and stream network for the Sanko Catchment, Japan, with the location of the four surveyed sub-catchments shaded 
and labelled. 
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occurs at higher elevations within the catchment, but precipitation in winter (from December to February) is only about 
10% of total annual precipitation. Annual maximum snow depth is generally <20 cm, and snow usually melts within 
one week.  

About 95% of the Sanko catchment has been converted to industrial managed forest (largely Japanese cedar with 
minor amounts of Japanese cypress); the remainder is secondary broadleaf forests, forest roads, and log landings where 
debris flows and landslides were not interpreted in this study because of their different geographic positions. 
Clearcutting has been the only harvesting method used in the catchment, and replanting typically occurs one or two 
years after logging. In the Sanko catchment, forest records (harvesting and replanting) are available from 1912. 
Because timber harvesting is typically confined to within individual subcatchments, both the clearcutting and 
replanting periods are almost the same throughout each subcatchment (Imaizumi et al., 2008). Thus, changes in the 
frequency of debris flows related to forest age (and elapsed time after clearcutting and replanting) can be analyzed in 
the Sanko catchment. Since only skyline logging, which transports harvested logs by suspending them using a thick 
metal cable, was conducted, we expect that timber removal practices did not affect the occurrence of landslides. 

We monitored bedload and suspended sediment transport in four selected subcatchments (S5, S11, S12, and S17; 
Fig. 1) with different histories of forest harvesting and mass movements (Table 1) (Imaziumi et al., 2012). Drainage 
area of these subcatchments ranges from 3.2 to 7.1 ha. Mean channel gradient was similar amongst the four headwater 
channels (ranging from 24° to 29°). Several landslides were identified based on aerial photo observations and field 
surveys in each subcatchment. Catchments S5 and S12 experienced the most recent debris flows during a typhoon on 
June 21, 2004 (total precipitation 171 mm at the Gomadan observation station located at the south end of the Sanko 
catchment).  

Table 1. Topography, histories of mass movements, and sediment source in the four surveyed subcatchments (partly 
from Imaizumi et al. 2012). 

 

 
 
 
 

3. Methodology

Monochrome aerial photographs for nine different years (1964, 1965, 1967, 1971, 1984, 1989, 1994, 1998, and
2003) and color aerial photographs for 1976 were used to assess the location of mass movements (i.e., debris flows, 
landslides) in the Sanko catchment. Mass movements were identified by stereo photograph pairs and mapped on 
1:5000 forest management maps. Most of the aerial photographs were taken in March (before the Baiu season), thus 
almost all of the mass movements (i.e., landslides and debris flows) identified by aerial-photo stereographs likely 
occurred prior to December of the previous year. Newly occurred mass movements were identified by comparing 
successive aerial photographs. All mass movements on hillslopes, mainly characterized as shallow translational 
landslides, were designated as landslides and all in-channel mass movements were designated as debris flows. 
Landslides initiating from forest roads were excluded from assessment in this study in order to clarify the impact of 
clearcutting and subsequent forest regeneration on landslide occurrence. Channel reaches affected by debris flows 
were interpreted based on continuous loss of artificial trees along channels, because artificial trees are not planted in 
the riparian areas and are not by damaged by runoff events without debris flow. Landslides were classified into 3 
groups based on the descent of the landslide sediment: landslides terminating on hillslopes (Type A, Fig. 2a), landslides 
whose sediment immediately stops at the junction with a channel (Type B, Fig. 2b), and landslides which turned into 
debris flows (Type C, Fig. 2c). In addition to debris flows originating directly from landslides without termination of 
the sediment, debris flows triggered by erosion of landslide sediment, which was deposited during previous rainfall 
events, are included in Type C if the landslide and the debris flow occurred in the same photograph period. These two 
types of debris flows were grouped in this study because of the difficulty in classification of the two types based on 
aerial photographs.  Average channel gradient within 20 m below the landslide-channel junction of Types B and C 
landslides were calculated from a 5 m resolution DEM, which was constructed from airborne LiDAR data by 

Subcatchment 
Drainage 
area (ha) 

Year of last 
planting 

Year of last 
debris flow 

Number of 
landslides 

Volume of sediment 
storage in the system 

(m3) 

Bare area 
along channel 

(m2) 
S5 3.97 1973 2004 2  13 768 
S11 6.52 1970 1989 9 254 141 
S12 7.13 1988 2004 4 185  47 
S17 3.15 1915 Before 1964 2  28  6 
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Geospatial Information Authority, Japan. The angle between landslide and channel at the junction of Types B and C 
landslides were also measured on GIS (θ in Fig 2b).      

Fig. 2. Classification of landslides based on the descent of landslide sediment. Concept of the channel junction angle is illustrated as θ in (b). 

Volumes of 11 landslide scars, including their initiation and transport zones, were measured in the field to develop 
an approximate volume–area relationship for landslides within the catchment (Imaizumi et al., 2008). This relationship 
was used to estimate the volume of all landslides from landslide area measured in GIS. Volume of landslide sediment 
reaching channels was estimated from the total volume of Type B and C landslides multiplied by the ratio of total 
landslide sediment that reached channels. The ratio of sediment reaching channels was obtained in the Miyagawa river 
basin, central Japan, which has similar topographic, geological, and climate conditions to the Sanko catchment 
(Imaizumi and Sidle, 2007). 

In the four selected subcatchments (S5, S11, S12, S17), we observed bedload transport rate in the period June 25 to 
September 26, 2005, by weighing sediment stored behind a weir at the lowermost part of each subcatchment (Imaizumi 
et al., 2012). We interpreted volume of detached sediment (hereafter sediment storage) stored across the four 
subcatchments. Length and width of individual sediment deposits (i.e., channel deposits and landslide sediment) were 
measured by tapes and stadia rods (Imaizumi and Sidle, 2012) in all four subcatchments. We also measured depth of 
deposits at many points (usually about ten points per individual deposit) by inserting a sharp metal rod to bedrock. 
Volume of individual deposits was obtained from the area of deposits multiplied by its average depth. Total volume 
of sediment deposits in each subcatchment was obtained from the total volume of all sediment deposits in the 
catchment. Interpretation of the sediment storage volume was conducted only at the beginning of the monitoring period 
under the assumption that the temporal changes in the storage volume are negligible, because volume of sediment loss 
by bedload transport was several orders lower than that in the storage volume (see next chapter). Size of the bare area, 
which is the area with exposed soil due to the removal of vegetation by recent debris flows, was also measured along 
the channels.  

4. Results

4.1. Debris-flow frequency after forest harvesting 

A total of 133 debris flows originated in the period 1964 to 2002, including 74 debris flows that were directly 
initiated by landslides and 59 debris flows that were caused by mobilization of channel deposits or bank failures. 
Frequency of debris flows initiated by landslides was greatest 1-5 yr after clearcutting and decreased with increasing 
forest age. The impact of forest harvesting continued up to 25 yr after forest harvesting. The frequency of landslides 
showed a similar time variation to those of debris flows originating directly from landslides. Temporal changes in the 
frequency of debris flows caused by the mass movement of channel deposits showed a similar trend to those initiated 
by landslides.  

Landslide

Deposits

Landslide

Channel

Deposits

Landslide

Deposits

q
(a) (b) (c)Type A Type B Type C



Imaizumi / 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Fig. 3. Temporal changes in debris-flow and landslide frequency after clearcutting (modified from Imaizumi et al., 2008). (a) Debris-flow 
frequency. (b) Landslide frequency. 

4.2. Debris flows originating directly from landslides 

  Debris flows rarely occur from deposits of type A landslides because the amount of overland flow on hillslope 
(maximum of several millimeters) is likely not sufficient for the mobilization of deposits. In addition, not all of the 
landslides that reached channel networks turned into debris flows (Fig. 3). Ratio of landslides that turned into debris 
flows, which was obtained by the number of Type C landslides divided by the total number of Type B and C landslides 
(Fig. 2), was higher in steeper channels (Fig. 4). Only 25% of landslides turned into debris flows in the channel sections 
gentler than 20, while 86% of landslides turned into debris flows in the channel sections steeper than 35. Another 
important factor affecting the occurrence of debris flows originating directly from landslides is channel-junction angle 
of the landslide (Fig. 2b). A higher ratio of landslides turned into debris flows in the case of smaller channel-junction 
angles (Table 2). No landslides turned into debris flows in the case of channel-junctions > 90. 

Table 2. Effect of channel junction angle on ratio of landslides 
that turned into debris flows. 

Channel junction 
angle (o) 

Number of 
debris flows 

Ratio of landslides that 
turned into debris flows 

0~45 100 0.68 
45~90 45 0.13 

90~ 8 0 

Fig. 4. Ratio of landslides that turned into debris flows in 
each channel gradient class. 
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4.3. Debris flows caused by mass movement of channel deposits 

Landslides on the hillslope do not only directly turn into debris flows, but also supply large volumes of sediment 
into channel networks. Volume of landslide sediment reaching channels, which is considered an important material 
for debris flows caused by the mass movement of deposits within the channel, was largest just after harvesting, with 
progressively lesser volume continuing up to 30 yr after harvesting (Fig. 5). Channel gradient is also an important 
factor controlling initiation points of debris flows caused by mass movement of channel deposits. Initiation points of 
fifty debris flows (91% in number) was in channel sections steeper than 20o, while only five debris flows initiated in 
channel sections gentler than 20o. 

Fig. 5. Temporal changes in the volume of landslide sediment reaching channel after forest harvesting. 

4.4. Impact of debris flows on fluvial processes in harvested areas 

Initiation of debris flows and landslides largely changes the volume of sediment storage, which is a potential source 
of future fluvial sediment transport, in the basin. Volume of sediment storage in catchment S5, in which a large part 
of the sediment storage had been discharged from the system by a debris flow in 2004, was lowest among the four 
surveyed subcatchments (Table 1). On the contrary, volume of sediment storage in S12 was much higher, despite a 
debris flow also occurring in the catchment at the same time as in S5. This is because the debris flow in S12 left a 
large volume of sediment within the system. Volume of sediment storage in catchment S11, within which nine 
landslides were identified, was highest among the four subcatchments.  

Debris flows also form bare areas, which are potential sources of suspended sediment, along channels. The size of 
the bare area in S5, in which a debris flow in 2004 severely eroded the channel bank, was the largest among the four 
subcatchments. 

Weight of bedload had a positive relationship with the volume of sediment storage in the subcatchments (Fig. 6). 
Weight of bedload was high (>3000 kg) in the subcatchments with a large volume of sediment storage (S11 and S12), 
and was significantly lower (<300 kg) in the subcatchments with a small volume of sediment storage (S5 and S17). 
Suspended sediment rate also varied among subcatchments (Imaizumi et al., 2012). Suspended sediment rate was 
highest in S5, in which wide bare areas were formed by debris flow erosion. 

Fig. 6. Comparison of volume of sediment storage (i.e., channel deposits and landslide sediment) in the system and weight of bedload trapped by 
weirs. 
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5. Discussion

Temporal changes in the frequency of debris flows showed a similar time variation to that of landslides (Fig. 3),
implying that frequency of landslides affects that of debris flows in the harvested area. Previous experimental and 
field-based studies showed that increases in landslide frequency after forest harvesting is highly affected by decreases 
in the root strength of harvested trees (Sidle, 1992; Imaizumi et al., 2008). Debris flows originating from landslides 
increased as the number of landslides reaching channels increased (Fig. 3a). In addition to increases in the number of 
debris flows originating directly from the landslide without termination of the sediment, increases in the number of 
debris flows triggered by erosion of in-channel landslide sediment, which was deposited during previous rainfall events, 
possibly affected increases in this debris-flow type.   Ratio of landslides that turned into debris flows was small in 
gentle channel sections (< 15; Fig. 4). This agrees with previous studies that debris-flow initiation zones are generally 
located in steep channel sections (VanDine, 1985; Imaizumi et al., 2017). Another factor affecting initiation of the 
debris flow originating directly from a landslide is the angle at landslide-channel junction; ratio of landslides directly 
turning into debris flows is smaller if the angle is larger (Table 2). Benda (1990) also reported that many debris flows 
terminate at channel junctions with a large angle. 

Water and sediment supply are needed for the occurrence of debris flows caused by the mass movement of channel 
deposits (Imaizumi et al., 2017). Many mountainous basins are characterized as supply limited (weathering limited) 
basins, in which the occurrence of debris flows is controlled by the volume of debris-flow material in the system (Bovis 
and Jakob, 1999). Increases in the volume of sediment supply into channel networks by high landslide activity in the 
forest just after harvesting likely facilitated the occurrence of debris flows in such supply limited channels (Fig. 5). 
Another potential factor affecting the debris flows caused by the mass movement of channel deposits is changes in the 
rainfall-runoff process on hillslopes, which controls water discharge in channels. However, difference in the rainfall-
runoff characteristics was not clear among basins with different forest ages in the Sanko catchment (Imaizumi et al., 
2012). 

Occurrence of debris flows, facilitated by forest harvesting, affects fluvial processes in the channel (Imaizumi et al., 
2012). Volume of sediment storage, which is largely variable by deposition and erosion of sediments by debris flows, 
affected bedload transport rate in the basin (Fig. 6), while size of bare areas formed by debris-flow erosion affects 
suspended sediment rate (Table 2). Therefore, the impact of debris flows on fluvial processes in the harvested areas 
likely continues for a longer period after decreases in the debris-flow activities.  

6. Summary and Conclusion

In order to clarify the impact of forest harvesting on debris flow and related hydrogeomorphic processes, aerial
photograph interpretations and field surveys were conducted in the Sanko catchment, central Japan, where forest 
harvesting records are available from 1912. Our study showed that temporal changes in the debris flow frequency after 
forest harvesting is closely related to the occurrence of landslides accelerated by root decay following forest harvesting. 
Frequency of debris flows originating directly from landslides increases just after forest harvesting. Frequency of 
debris flows caused by the mass movement of channel deposits was increased following increases in the sediment 
supply from hillslopes into channel networks by landslides. Thus, the impact of harvesting on the occurrence of 
landslides is essential to explain the impact of harvesting on the occurrence of debris flows. Ratio of landslides directly 
turning into debris flows is affected by the channel gradient and junction angle with channels. Initiation of this type of 
debris flow is also affected by channel gradient. Consequently, the impact of forest harvesting on the occurrence of 
debris flows is highly affected by the terrain in the basin. The junction angle between hillslope and channel in 
headwaters is usually smaller than that in lower channel reaches. In addition, channel gradient is steeper in headwaters. 
Therefore, forest harvesting in headwaters should be conducted carefully in order to prevent sediment disasters 
following harvesting. 

Field monitoring showed that the volume of channel deposits, which affects bedload rate, depends on debris flow 
and landslide histories in the catchment. Suspended sediment rate was also affected by debris flow history, because 
debris flows create sources of suspended sediment, such as bare areas along channel banks. Therefore, the impacts of 
debris flows on hydrogeomorphic processes after forest harvesting likely continue beyond the decline in landslide and 
debris flow frequency, due to changes to the sediment storage and sediment source by the occurrence of debris flows. 
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