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The earthquake that occurred on 6 September 2018, in the eastern part of the Iburi region
of Hokkaido, Japan (the Hokkaido Eastern Iburi Earthquake) caused thousands of shallow
landslides in mountain areas. In areas where many landslides occurred, the trees on the
slope became large woody debris (LWD) and were supplied to the catchment.
Understanding the properties of LWD during the earthquake and its subsequent
movement after the earthquake are important to manage the produced LWD and
implement disaster prevention measures. This study evaluates the risk of future LWD
disasters based on the sequence of LWD generation, its spatial distribution, and LWD
relocation linked to temporal fluctuations in rainfall events. The study site is the upper Habiu
River catchment (0.37 km2), where multiple shallow earthquake-related landslides
occurred. Orthophotos and elevation data acquired before and after the earthquake
were used to detect the properties of LWD. To evaluate the risk of an LWD disaster, we
examined the correspondence between the hydraulic quantities, including the precipitation
for 2 years after the earthquake and the water depth. It was estimated that approximately
7,000 LWD pieces (9,119m3 km−2) were produced during the earthquake. Orthophoto
interpretations indicate that over 80% of the LWD produced at the time of the landslide
moved from the slope to the channel accompanied by the landslide debris; some of that
then flowed down, accumulated, and formed logjams. In the river channel approximately
two years after the earthquake, the destruction of logjams and the clear and drastic
movement of LWD could not be confirmed. In this catchment, the uneven LWD distribution
and the formation of logjams were fixed almost immediately after the landslide at the time of
the earthquake; these characteristics are important when considering future actions. The
water depth evaluation based on the difference in the excess return period indicate that the
degree of risk differs depending on the deposition location in the channel. This suggests
that not all LWD in the catchment are dangerous and that a risk assessment focusing on
the LWD location can be effective. This study also makes it possible to determine high
priority areas for LWD treatment.
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INTRODUCTION

In Japan, the current amount of forest accumulation is close to
three times that of approximately 50 years ago due to increase of
old-growth forests (MAFF, 2018). In mountain areas, large
woody debris (LWD) produced by landslides and stream bank
erosion, primarily during heavy rainfall events, may flow
downstream along with landslide debris or as instream LWD
transport during subsequent large flooding events, sometimes
with disastrous effects (Ruiz-Villanueva et al., 2014; Lucía et al.,
2015; Comiti et al., 2016; De Cicco et al., 2018; Mazzorana et al.,
2018). In Japan, LWD generated in the Yosasa River Basin in 1998
blocked bridges in the downstream area and caused widespread
flooding (Minami et al., 2000) and, in 2018, a large amount of
LWD from a landslide area flowed downstream during a heavy
rainfall event in northern Kyushu (Marutani et al., 2017; Moriya
et al., 2018).

LWD produced with landslides can be induced not only by
heavy rainfall but also by earthquakes. Landslide-driven LWD
induced by earthquakes is not expected to move long distances,
unlike LWD induced during heavy rainfall events; instead, the
LWD remains with the landslide debris and sometimes forms
logjam in the catchment. Even though it is unlikely that LWDwill
cause direct damage in downstream areas during an earthquake,
there is a risk that new LWD deposition in the drainage area will
float and be transported long distances during subsequent rainfall
events. In headwater streams, LWD deposited at river channels
has been reported to have moved over the course of a few years
(Wohl and Goode, 2008; Dixon and Sear, 2014).

However, the formation of logjams in river channels plays an
important role in the formation of the river morphology and

ecosystems (Abbe and Montgomery, 1996; Piégay and Gurnell,
1997; Sear et al., 2010) and sediment is accumulated on the
upstream side of LWD in river channels, forming step and pool
structures (Nakamura and Swanson, 1993; Thompson, 1995; Abe
and Nakamura, 1996). LWD captures litter, providing an
appropriate environment for aquatic life (Speaker et al., 1984).
The formation of step and pool structures and the retention of
particle organic matter by LWD improves the growth of fish
(Fausch and Northcote, 1992; Riley and Fausch, 1995). In
addition, fallen trees in the river channel themselves serve as a
source of particle organic matter for mountain streams (Ward
and Aumen, 1986). Therefore, removing LWD drastically
changes the river morphology and affects fish habitats (Smith
et al., 1993; Abe and Nakamura, 1999).

The Intergovernmental Panel on Climate Change (IPCC)
reported that, in mid-latitudes of the Northern Hemisphere
(30–60°N), where Japan is located, the frequency of heavy
precipitation events has increased over the past century (IPCC,
2014). Therefore, in the future, it is expected that a large amount
of LWD will be generated and that the relocation of LWD in river
channels will become significant during large-scale events. If
there is no risk of a large amount of the LWD flowing
downstream, it is preferable that the LWD remain in the basin
for a long period of time to enable the formation of mountain
stream ecosystems. Understanding the LWD production volume,
deposition location, and patterns during an earthquake and its
subsequent transport after an earthquake are important to
properly manage the produced LWD and implement disaster
prevention measures.

The earthquake that occurred on 6 September 2018, in the
eastern part of the Iburi region of Hokkaido, Japan (the Hokkaido

FIGURE 1 | Study site description. (A) Landslide distribution induced by the 2018 Hokkaido Eastern Iburi Earthquake. (B) Drainage of the study site. (C) Aerial view
of the study site. (D) Geological structure of the study site.
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Eastern Iburi Earthquake, MJMA 6.7) caused thousands of shallow
landslides over an area of 400 km2 (Osanai et al., 2019; Zhao et al.,
2020). In hilly areas where many landslides occurred, the trees on
the slopes became driftwood associated with landslide debris,
supplying an extremely large amount of LWD to the catchment.
In heavy rainfall events, approximately 66% of the LWD pieces in
debris flows are discharged to the catchment outlet (Ishikawa
et al., 1989). However, almost of all of earthquake-induced LWD
is retained in the catchment because of the minimal hydraulic
power. In addition, there have been few cases with large amounts
of earthquake-generated LWD. Therefore, the generation of
LWD by earthquakes and its subsequent movement is not well
known. If a large amount of LWD remains in a catchment, as in
the case after an earthquake occurrence, the future movement of
the LWD may cause damage to bridges or other facilities as a
result of driftwood collisions and accumulation and may
aggravate flood damage in downstream areas.

This study evaluates the risk of future LWD disasters based on
the sequence of LWD generation, its spatial distribution, the
temporal fluctuations of rainfall events, and the accompanying
relocation of LWD.

MATERIALS AND METHODS

Study Site
The study site is the upper Habiu River catchment (0.37 km2) of
the Atsuma River system (Figure 1A,B). The elevation of the
catchment ranges from 111 m to 241 m, the channel length is
approximately 1,070 m, and the average channel gradient is 5%.
No artificial structures, such as check dams, have been installed in
the catchment, and the entire section is a natural river channel.
The average annual rainfall at the Abira station of the Automated
Meteorological Data Acquisition System (AMeDAS), located
approximately 8 km west of the main basin, is 1,053 mm
(ranging from 449 mm to 1,615 mm). From mid-December to
late March every year, the area is covered with snow. The geology

of this catchment is based on Neogene sedimentary rocks, upon
which multiple layers of volcanic ejecta from different events are
deposited. The entire catchment is a prefectural forest managed
by the Hokkaido government and made up of mature broad-
leaved forests dominated by Japanese white birch (Betula
platyphylla var. japonica Hara) and Japanese oak (Quercus
mongolica var. grosseserrata Rehder et Wilson), as well as some
planted forests of Japanese larch (Lalix leptolepis Gordon) and
Todo fir (Abies sachalinensis). Even though the presence of active
faults (earthquake occurrences) approximately 5,000 years ago in
this region was noted in surveys of slopes, terrace strata, and river
floodplain sediments, no evidence has been found to indicate a
large-scale landslide event, such as that caused by the 2018
Hokkaido Eastern Iburi earthquake, for at least the last
10,000 years (Oka, 2019).

Few earthquake-induced landslides occurred near the
epicenter of the 2018 Hokkaido Eastern Iburi earthquake
(Figure 1A), with most landslides occurring in a range of
5–22 km from the epicenter (Zhang et al., 2019). The study
site is located approximately 20 km northwest of the epicenter,
where shallow landslides were particularly concentrated
(Figure 1A,B). Because volcanic ejecta is thickly deposited in
the areas where many landslides occurred and the distribution of
the landslide areas is highly consistent with the distribution of
volcanic ejecta, the deposition of volcanic ejecta is thought to be
the most important element related to landslide occurrences (Li
et al., 2020). At the study site, thick volcanic ejecta from the
Shikotsu caldera area is deposited from the surface to a depth of
approximately 2 m (Figure 1D). Even though a volcanic ejecta
layer originating from Mt. Tarumae (Ta-d) has been observed as
being a slide surface for landslides in other areas (Zhang et al.,
2019; Li et al., 2020), the volcanic ejecta layer that became the
slide surface in the study area is a pumice layer (En-a) with a
thickness of approximately 80 cm that was ejected from Mt.
Eniwa 15,000 years ago. Three layers of volcanic ejecta (Ta-b,
c, d) fromMt. Tarumae, which is also a volcano near the Shikotsu
caldera, are deposited above En-a (Figure 1D). Therefore, the
landslide debris produced from the landslide slopes was
composed of volcanic ejecta with a maximum grain size of
1–2 cm or less, with almost no coarse gravel with larger grain
sizes. According to a survey conducted after the earthquake, the
grain size distribution of En-a is 4% gravel, approximately 50%
sand, and approximately 40% silt, with the remainder being clay
with a 50% grain size of approximately 0.1 mm (Osanai et al.,
2019).

Data Acquisition
It is possible to acquire LWD information from orthophoto
images acquired using unmanned aerial vehicles (UAVs)
(Tsunetaka et al., 2021). Aerial photographs and elevation data
after the earthquake were acquired twice, immediately after the
earthquake (15 September 2018) and approximately 2 years after
the earthquake (20 October 2020). These data were used to obtain
topographic information and to detect LWD generation,
movement, deposition during the earthquake, and subsequent
movement after the earthquake. Elevation data prior to the
earthquake were also acquired on 1 October 2016. The 2016

FIGURE 2 | Pre- and post-earthquake longitudinal profiles of the river
channel Elevation is given in meters above sea level (m a.s.I.).
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data consist of a 5-m grid digital elevation model (DEM)
published by the Geospatial Information Authority of Japan
(https://fgd.gsi.go.jp/download/menu.php). For the 2018
elevation data, we used a 1-m grid DEM generated from laser
profiler data acquired from Hokkaido Prefecture. The 2020 data
consist of orthoimage data created using structure from motion
technology incorporating photographic UAV (DJI Phantom 4
RTK)-acquired image data, which consist of overlapping vertical
aerial photographs.

The hourly rainfall data from 1976 to 2020 were acquired
from the AMeDAS Abira station of the Japan Meteorological
Agency (https://www.data.jma.go.jp/obd/stats/etrn/). This
rainfall station is the closest to the study site. It was
confirmed that the rainfall data at the Abira station were
more consistent with the storage-type rainfall observation
data installed near the study site than data acquired from
other rainfall observation stations. Therefore, in this study,
the rainfall data at the Abira station were used as is.

Catchment Topography and
Earthquake-Induced Landslides
The topographical information of the basin prior to and after the
earthquake and the landslide areas that occurred because of the
earthquake were identified using Geographic Information System
(GIS) software (ArcGIS) based on the 2016 and 2018 DEMs. The
landslide and river channel areas after the earthquake were
determined from the contour map created from the 2018
DEM and an interpretation of the orthophoto image data; the
landslide area, channel length, channel gradient, and river
channel width were then calculated.

The catchment was divided into three categories, the upper,
middle, and lower reaches, based on the main channel gradient of
the topography prior to the earthquake (i.e., the 2016 elevation
data; Figure 2). Based on the flow path automatically generated
via a topographical analysis by ArcGIS, four sub-catchments were
set in the upper reach and one sub-catchment was set in the

middle reach, Sub-catchment 2, which has the longest channel
length, was treated as the main channel (Figure 2 and Table 1).
The landslide area was modeled by interpreting the 2018 and
2020 orthophoto images and creating polygons.

LWD Properties Associated With the
Earthquake
At the study site, LWD generated during the earthquake was left in
situ without being artificially removed and no planting was carried
out on the landslide slopes (Figure 1C). The LWD generation during
the earthquake and its location for the next approximately 2 years
were identified by conducting a field survey, interpreting orthophoto
image data, and performing topographical analyses using multiple
elevation data. Because branches and leaves remain with the LWD
pieces generated during the earthquake and it is difficult to automate
the LWD identification, the number of LWD pieces was measured
visually by interpreting the orthophoto images, creating a polyline for
each LWD piece, and counting the number of polylines on the GIS.
The identified LWD pieces were counted based on only their main
trunk, not their branches. There are few shadows in the orthophoto
images, and the number of LWD pieces was obtained with high
accuracy, except in the logjam regions and areas with buried trees;
however, all “visible” pieces were identified.

The position and number of LWD pieces generated during the
earthquake were separated into slope and river channel categories
using the orthophoto image acquired on 20 October 2020. The
orthophoto image was created using Structure from Motion
software (Pix4D Mapper). The created orthophoto image was
read into ArcGIS, the number of LWD pieces was counted, and
the LWD lengths were determined. To identify the LWD pieces
generated during the earthquake with higher accuracy, we used a
2020 orthophoto image that was taken from a relatively low
altitude (height above ground level of 110 m) and has a relatively
high resolution; at this time, the leaves had fallen as a result of the
death of the driftwood, making it easy to identify the trunks. The
2018 orthophoto image acquired immediately after the

TABLE 1 | Summary of the characteristics of the three reaches.

Main channel Sub-
catachments

Drainage
area [km2]

Chennel
length [m]

Averagee
bankfull
width [m]

Average
gradinet [%]

Landslide
area [m2]

Landslide
ratio [%]

Vegetation type

Upper reach Sub-catachment-1 0.04 164 15 12.3 17,760 41 Hardwood forest
Coniferous
forest(plantation)

Sub-catachment-2 0.05 214 12 10.7 19,042 42 Hardwood forest
Sub-catachment-3 0.08 356 17 7.7 13,693 17 Hardwood forest
Sub-catachment-4 0.02 95 19 10.0 8,633 36 Hardwood forest
Main channel 0.01 173 26 3.1 631 5 Hardwood forest

Middle reach Sub-catachment-5 0.03 131 16 6.0 7,300 24 Hardwood forest
Main channel 0.07 349 38 4.7 23,505 32 Hardwood forest

Coniferous
forest(plantation)

Lower reach Main channel 0.06 336 47 3.1 19,466 32 Hardwood forest
Coniferous
forest(plantation)

Entire
catachment

— 0.37 1,079 — 5.1 110,029 30 —
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earthquake was used as a supplement. The change in the LWD
position after the earthquake was confirmed by comparing the
orthophoto image data from 2018 to 2020.

The number and volume of LWD pieces produced by the
landslides were estimated bymultiplying the standing tree density
and the trunk volume obtained from a vegetation survey by the
individual landslide areas. The vegetation survey was conducted
at four plots (10 m × 10 m) with different tree species and slope
orientations: a south-facing slope (broad-leaved forest) and a
north-facing slope (plantation coniferous forest) in the
downstream area and a south-facing slope (broad-leaved
forest) and a north-facing slope (broad-leaved forest) in the
upstream area (Figure 1B). The vegetation survey targeted
standing trees with a diameter at breast height (DBH) of
10 cm or more, which are generally treated as LWD. From the
vegetation survey, trees with a DBH of 30 cm or more (maximum
53 cm) accounted for the largest proportion at 35%, followed by
DBHs of 10–14 cm at 23% (Figure 3A). The height of the
standing trees with a DBH of 30 cm or more was
approximately 20 m (Figure 3B).

The forest stand density was calculated after dividing the
region into broad-leaved, coniferous (plantation), and mixed
forests according to the vegetation prior to the earthquake; the
densities of these sub-regions were 0.07 trees m−2, 0.05 trees m−2,
and 0.06 trees m−2, respectively. The density of the standing trees

in the mixed forests was the average value of those in the broad-
leaved and coniferous forests. The trunk volume was estimated
from the DBH and the tree height. The vegetation map published
by the Ministry of the Environment was used to determine the
vegetation distribution in the basin.

Hydraulic Values
To evaluate the risk of driftwood disasters, we compared the
correspondence between the LWD relocation and the hydraulic
quantities, such as the precipitation, peak discharge, and normal
flow depth, for the approximately 2-year period following the
earthquake. Because the entire channel section is a natural river
channel and the presence of boulders cannot be confirmed, the
influence of obstacles was not considered.

To determine the hydrological record for the 2 years following
the earthquake, the peak discharge was calculated after extracting
rainfall amounts of over 5 mm in 24 h. There were 72 extracted
events in total. Rainfall during snowfall events was excluded. The
return periods (2, 10, 20, 50, and 100 years) of the 1-h and 24-h
rainfall were calculated using software for statistical analyses of
hydrological data (Hydrological Statistics Utility version 1.5),
developed by the Japan Institute of Country-ology and
Engineering (JICE), and were estimated from the most
compatible distributions, i.e., the Gumbel and square-root
exponential-type distributions of the maximum, respectively,
using the yearly maximum 1-h and 24-h rainfall from 1976 to
2020. Then, the magnitude of the rainfall events experienced
during the 2 years was evaluated by comparing the rainfall record
with the rainfall of the n-year return period.

Whether or not an LWD piece moves is determined by the
drag and friction forces acting on each piece (e.g., Braudrick and
Grant, 2000). However, water is significantly involved as a
condition for LWD to float and flow, and the magnitude
relationship between the water depth and the log diameter is
important for log float and flow (Haga et al., 2006; Ruiz-
Villanueva et al., 2019). In particular, the necessary condition
for a log to travel a long distance occurs when the water depth at
the peak discharge is greater than the log diameter (Haga et al.,
2002; Haga et al., 2006). Therefore, this study focused on the
normal-flow depth at peak discharge as the movement condition
for an LWD piece.

Various methods for estimating the peak discharge have been
proposed, and the rational formula (e.g., Kadoya and Fukushima,
1976; Hotchkiss and Mccallum, 1995) can estimate the peak
discharge from the rainfall record even if a hydrograph is not
obtained. This formula is also applicable to small watersheds,
such as that of the study site, because it does not consider the
influence of the catchment area or the distribution of the rainfall
intensity. In this study, the peak discharge (Qp in m3 s−1) during a
flood event was determined using the rational formula:

Qp � 1
3.6

CfReA, (1)

where Cf is the non-dimensional runoff coefficient, Re is the effective
rainfall intensity [mm h−1], and A is the drainage area [km2]. In this
study, considering that this catchment is a volcanic area and that the
slopes were covered with forest but landslides occurred over

FIGURE 3 | Relationship between the diameter at breast height (DBH) of
the standing trees and (A) the frequency and (B) the tree height.
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approximately 30% of the entire area, Cf was set to 0.45 according to
the standard for the Hokkaido Prefecture. The Cf value changes
depending on the surface conditions of a catchment, and it is reported
to be approximately 0.35–0.45 in the forests of Japan (Kadoya, 1988).
Considering that this study site is covered by forest with many bared
landslide areas, Cf = 0.45 is a reasonable value. Discharge during
snowmelt was not included.

The normal-flow depth was calculated as an index related to
the movement of the driftwood. Here, because the channel
gradient and bankfull width differ between the main channel
and the sub-catchment in each reach, the normal-flow depth (h*)
was calculated from the following formulas based on Manning’s
formula assuming that the river channel has a trapezoidal cross
section (Inoue 2008):

h � ( nQ

i1/2B
)
3/5

(2)

hp � h
(1 + 2

������
m2 + 1

√
h
B)

2/5

1 +m h
B

(3)

where h, h* is the normal flow depth [m], Q is the peak discharge
during a rainfall event [m3 s−1], i is the channel gradient, B is the
bankfull width [m], n is Manning’s roughness coefficient, and m
is the side-slope gradient. The peak discharge was determined by
dividing the event peak flow rate by each individual drainage area
(i.e., the main channel and the five sub-catchments). The n value
is difficult to determine uniformly because it changes
significantly, even at the same point, depending on the fluvial
topography, riverbed material, and changes in the water depth
(Asano et al., 2012). For example, it is estimated to be 0.050–0.100
when there are very large amounts of vegetation in the floodplain
(Arcement and Schneider, 1989), while it is estimated to be
0.035–0.100 in a natural river where the river width is larger
than 30 m and boulders and brush are present (Chow, 1959).
Even though the n value of rivers with large amounts of LWD is
not well known, in this study, a value of 0.070, which is generally
used in natural mountain watershed rivers in Japan, was adopted.

RESULTS

Spatial Density of LWD Induced by the
Earthquake
The total number of LWD pieces generated by the landslides
during the earthquake was estimated to be 6,972, and the total
volume of the LWD generated was estimated to be 3,386 m3

(Table 2). The number of LWD pieces generated in the upper
reach was the highest at 3,999, while that in the lower reach
was the lowest at 1,081. In this catchment, landslides
occurred at approximately the same rate throughout the
entire catchment area; therefore, there was no significant
difference in the number and volume of LWD pieces
generated per unit area and the unit number for the entire
area was estimated to be 18,435 pieces km−2 with an estimated
spatial density of 9,119 m3 km−2.

In Japan, it is estimated that 102–104 pieces km−2 of LWD
are induced by heavy rainfall events in comparable catchment
areas (Mizuyama et al., 1985; Ishikawa et al., 1989) and the
trunk volume has been estimated to be 101–103 m3 km−2

(Ishikawa et al., 1989). Compared with these values, the
number and volume of LWD pieces generated during this
earthquake was significantly larger.

The number of LWDpieces deposited around the landslide slopes
and in the river channel, as confirmed by the orthophoto images, was
5,733 pieces throughout the entire catchment. The number of LWD
pieces deposited in themiddle reach was the highest at 2,581, while it
was the lowest at 926 in the lower reach (Table 2).

FIGURE 4 | Box and whisker plots of the log lengths of the large woody
debris (LWD) in the three reaches based on an orthophoto interpretation and
that of the standing trees based on a vegetation survey. The line within each
box indicates the median value, and the box end lines indicate the 25th
and 75th percentiles. The upper and lower whiskers show the maximum and
minimum values, respectively, in the range of 1.5 times the median to the
quartile interval. The dots indicate outliers, and the numbers indicate the
median value.

TABLE 2 | Generation and depsition of large woody debris (LWD) within each reach.

Drainage area
[km2]

Number of generation Specific LWD number
[pieces km-2]

Generation volume
[m3]

Specific LWD volume
[m3km-2]

Deposition number

Total slope channel

Upper reach 0.21 3,999 19,434 1,842 8,952 2,226 711 1,511
Middle reach 0.10 1,892 18,072 947 9,042 2,581 361 2,220
Lower reach 0.06 1,081 17,800 596 9,813 926 203 723
Entire area 0.37 6,972 18,435 3,385 9,119 5,733 1,275 4,458
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The median LWD log length was approximately 4.0 m for
both the upper and middle reaches on the landslide slope and
in the river channel, while for the lower reach, it was
significantly longer with values of 10.0 m on the landslide
slope and 5.2 m in the river channel (Figure 4). In
particular, the LWD log length on the lower reach landslide
slope was nearly in the same range as the median value (12.4 m)
of the standing trees obtained from the vegetation survey.

LWD Location and Deposition Rate
In this catchment, relatively few pieces of LWD remained on the
landslide slope and the location of the LWD was unevenly
distributed (Figure 5). Some pieces of LWD in the river
channel accumulated in a complicated manner and formed
logjams around the confluences of the tributaries of the upper
reach and in the river channel of the middle reach. There are
relatively few pieces of LWD in the upstream regions of the upper
reach. Even though LWD is deposited almost evenly throughout
the entire river channel in the middle reach, LWD in the lower
reach is deposited at the foot of the landslide slopes and there are
areas in which LWD is not deposited in the river channel.

In this study, the ratio of the number of LWD pieces deposited
on slopes or in river channels to the number of LWD pieces
generated at the landslide slope is defined as the LWD deposition
rate (LWDDR). The number of LWD pieces around the landslide
slopes and in the river channels was 5,733 compared with the
estimated number of LWD pieces of 6,972 that were generated
during the earthquake, making the LWDDR value 82% (the
LWDDR value of the landslide slopes was 18% and that of the
river channels was 64%; Figure 6A). The LWDDR value on the
landslide slopes was 18% throughout the entire catchment, which
means that more than 80% of the LWDmoved from the slopes to
the river channels (Figure 6A). This tendency at the landslide
slopes is similar for the three reaches (18–19%).

Conversely, the LWDDR values of the river channels vary
longitudinally. The LWDDR value in the river channel for the
entire catchment is 64%, which is significantly different from the
values of 38% for the upper reach, 100% ormore for the middle reach,
and 67% for the lower reach (Figure 6A). AnLWDDRvalue of 100%or
more means that the count includes pieces of LWD produced outside
the reach. The LWDDR values of the five sub-catchments vary widely
and is relatively small compared with the reach scale (Figure 6B).

FIGURE 5 | Location of LWD generated as a result of the 2018 earthquake. Pink bars indicated pieces of LWD on the stope, and navy blue bars indicate pieces of
LWD in the river channel. Light pink areas indicate landslide areas induced by the earthquake.
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Change in the LWD Position After the
Earthquake
Comparing the LWD deposits in 2018 and 2020, no clear or
drastic change in the LWD position could be confirmed
throughout the entire catchment during the approximately
2 years following the earthquake, nor could any destruction of
the logjams that formed longitudinally in the river channel be
confirmed (Figure 7A-C). In the upper-reach sub-
catchments, a few pieces of LWD that had deposited
without forming a logjam disappeared or appeared 2 years
after the earthquake. In sub-catchment 1, it was confirmed
that the LWD that had accumulated in the river channel in
2018 was buried under sediment in 2020 (Figure 8A). In sub-
catchment 2, the disappearance and new appearance (via
supply from upstream or the slope) of LWD were
confirmed in 2020 (Figure 8B). In sub-catchment 3, LWD
submerged by the upstream flooding of a logjam was also
confirmed (Figure 8C).

The above indicates that the distribution of the LWD pieces
and the formation of logjams were limited to a very restricted
range of the sub-catchments. The uneven distribution of the
LWD deposition and the formation of logjams in the catchment

were determined by the flow at the time of the landslides triggered
by the earthquake, and these deposits remained as they were
2 years later with almost no relocation.

Rainfall and Discharge Two years After the
Earthquake
The hourly rainfall and 24-h rainfall of events from 6 September
2018, when the earthquake occurred, to 20 October 2020, are
shown in Figure 9. The largest amount of rainfall during this
period was 19.5 mm h−1 (with a 24-h rainfall of 57 mm) for the 1-
h rainfall on 17 August 2019, and 63 mm (with a maximum 1-h
rainfall of 9.5 mm h−1) for the 24-h rainfall on 23 September
2019. We calculated the rainfall for 2-years, 10-years, 20-years,
50-years, and 100-years return periods and compared it with the
maximum value of the 1-h and 24-h rainfall in the 2 years
following the earthquake. We found that all the rainfall events
recorded during this period were smaller than the rainfall of the
2-years return period (Figure 9). Therefore, there were no high-
magnitude flood events in this catchment during the 2 years
following the earthquake.

A relatively large flood in the last 2 years occurred on 23
September 2019, with an estimated peak discharge of 46.8 m3 s−1;
the normal flow depth is 0.06–0.07 m for the main channel and
0.02–0.04 m for the sub-catchment (Table 3). Pieces of LWD are
removed from the riverbed (i.e., via floating) when the water
depth increases and the floating limit of the LWD is exceeded
(Haga et al., 2006; Ruiz-Villanueva et al., 2019). Haga et al. (2002)
focused on the ratio of the h* of the water depth to the diameter of
the LWD and showed that LWD travels longer distances in
natural river systems when h* equals one or more. The LWD
in this study is treated as having a diameter of 10 cm or more;
therefore, if the water depth exceeds 10 cm, h* becomes one or
more. Because the assumed normal flow depth in actual rainfall
events after the earthquake is less than 10 cm, the values of h* in
all three reaches did not exceed 1. The rainfall record for the
2 years following the earthquake suggests that the LWD in the
study area is unlikely to float and move a long distance.

DISCUSSION

LWD Budget and Dynamics During the
Earthquake
In this study, the LWD generated during the earthquake was
examined primarily via an orthophoto image acquired in 2020.
While a few pieces of the LWD in the upstream river channel
were buried in sediment and flooded ponds (Figure 7A,
Figure 8A,C), the LWD position did not significantly change
after the earthquake, according to a comparison with the LWD
position in 2018. Therefore, the LWD position in 2020 is treated
as reflecting the state of production at the time of the 2018
earthquake.

The LWDDR value of the entire catchment was estimated at
82%, and the location of the remaining 18% has not been
identified. Because there appears to be almost no LWD that
flowed out of the catchment, according to the field survey

FIGURE 6 | Percentage of LWD genelation (LWDDR) within each (A)
reach and (B) sub-catchment.
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FIGURE 7 | Comparison of the LWD locations along the main channel in 2018 and 2020. (A) upper reach, (B) Middle reach and (C) lower reach.

FIGURE 8 | Comparison of the LWD locations in the upper stream regions in 2018 and 2020. (A) Sub-catchment 1, (B) Sub-catchment 2 and (C) Sub-
catchment 3.

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 9 | Article 7690619

Koi et al. Generation and Transport of LWD

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


around the catchment outlet, the unknown LWD is likely
present in the catchment. It may be that the LWD on the slope
was not extracted because it is in the shadow of the standing
trees on the edge of the landslide area; however, because there
are almost no logjams or burial of LWD on the slope, the

LWD can be extracted with higher accuracy on the slope than
in the river channel. Here, assuming that the LWD on the
slope was not overlooked, the amount of LWD deposition,
having been estimated at 82%, must be the result of
overlooked LWD in the river channel.

TABLE 3 | Characteristics of the hydraulic quantities at the September 23,2019,event.

Location Max.rainfall event in 2 years after the earthquake (Sep. 23,2019)

24-h Rainfall
[mm]

Peak discharge
[m3 sec−1]

Water depth
[m]

Upper reach Sub-catchment 1 0.16 0.03
Sub-catchment 2 0.17 0.03
Sub-catchment 3 0.30 0.04
Sub-catchment 4 63 0.09 0.02
Main channel 0.72 0.07

Middle reach Sub-catchment 5 0.11 0.02
Main channel 1.16 0.06

Lower reach Main channel 1.39 0.07

FIGURE 9 |Number of actual rainfall events after the 2018 earthquake and the rainfall in various year return periods for the (A) 1-hour rainfall and (B) 24-hour rainfall.
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Some of the LWD in the river channel forms logjams, and
all of the pieces of LWD inside these logjams may not be
discernable in aerial photographs. Especially in the middle
reach, LWD is deposited forming logjams throughout the
entire main river channel, regardless of the individual

landslide locations. In the middle reach, the LWDDR value
in the river channel is 117%; this value is even higher if there
is no overlooked LWD. In other words, the number of LWD
pieces in the middle reach is larger than the production
number, suggesting that the LWD generated in the upper

FIGURE 10 | Examples of instream LWD deposition after the 2018 earthquake. (A) Logjam at the channel junction in the upper reach (photo taken on 26 March
2021). (B) Logjam at the channel junction in the middle reach (photo taken on 20 October 2021). (C) Logjam at the channel junction in the lower reach (photo taken on 11
October 2019). (D) Tree stand on the channel in the lower reach (photo taken on 14 October 2020). The arrows in each photo indicate the flow direction.

FIGURE 11 | Water depths for the various year return periods at the main channel and in the upper stream areas (runoff coefficient Cf = 0.45).
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reach flowed down through the river channel and that this
LWD is included in the middle reach.

Logjams are formed by the accumulation of LWD during the
process of transportation (Abbe and Montgomery, 1996). It is
likely that the LWD that reached the river channel from the slope
at the time of the landslides in the upper reach passed through the
river channel of the steep upper reach and moved to the middle
reach section, where the channel gradient is relatively gentle, and
then accumulated there. This is consistent with the channel slope
having become loose only in the upper reach and riverbed
aggradation (up to approximately 10 m) having occurred
throughout the entire middle reach section (Figure 2), as
indicated by comparisons before and after the earthquake.

The LWDDR values in the four sub-catchments of the upper
reach were 31–56%, and that of the middle reach was 72%, which
is smaller than the LWDDR values of each reach scale, except for
sub-catchment 3, which had an LWDDR value of 56% (Figure 6).
This suggests that part of the LWD produced in each sub-
catchment reached the sub-catchment outlet or exited it.
Because LWD accumulates at tributary junctions and form
logjams, most of the LWD that flowed downstream stopped
around the tributary junction. Based on the longest channel
length from the headwater to the tributary junction (sub-
catchment 2), the LWD flowed up to approximately >200 m
down the channel at the time of the earthquake occurrence.

The LWDDR value of the lower reach is 86%. The log length of
the LWD in the lower reach is longer than those in the upper and
middle reaches (Figure 4). In the upper and middle reaches, the
driftwood length is relatively short because the LWD broke
during the process of flowing with the landslide debris or was
buried in the sediment when the flow stopped. Conversely, in the
lower reach, the landslide debris was deposited almost directly
under the landslide slope (Figure 5) and it is possible that it was

not affected by damage or burial caused by the flow. Furthermore,
because standing trees exist in the river channel near the
catchment outlet (Figure 10D), it is thought that long-
distance movement of landslide debris including LWD did not
occur during the earthquake.

The LWD is thought to have moved up to approximately
>200 m in the river channel accompanied by landslide debris
in the upstream area, despite the landslides occurring without
the direct involvement of rainfall. In this area, the volcanic
ejecta, which is the soil layer above the sliding surface, is
constantly close to saturation (Aoki et al., 2021). Soil tests
conducted after the earthquake showed that the natural water
content of En-a was close to the liquid limit (Osanai et al.,
2019). Furthermore, the liquidity was relatively high because
of the arrangement of the movement distance of the landslide
debris (Osanai et al., 2019; Zhao et al., 2020). The locations
and the condition of the LWD, as confirmed in this study,
indicates that the landslide debris was highly fluid and moved
a long distance at the time of the earthquake only in steep
upper streams.

Risk Assessment and Catchment
Management After LWD Generation
One condition for moving LWD downstream is that the length
of the LWD be shorter than the bankfull width (Lienkaemper
and Swanson, 1987). In this catchment, the LWD log length is
shorter than the width of the river channel (Table 1 and
Figure 4); therefore, there is a risk that the LWD will move
if there is a large-scale flood in the future, transporting the
LWD over long distances. We assume that the LWD moves
when h* becomes one or more, based on Haga et al. (2002), and
the hazard is discussed with respect to the abundance ratio of

FIGURE 12 | Water depths for the various year return periods at the main channel and in the upper stream areas (runoff coefficient Cf = 1.00).
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the LWD, which changes according to the assumed water
depth for various rainfall magnitudes.

From the comparison of the 2018 and 2020 LWD positions,
the movement of the LWD could not be clearly confirmed in the
actual 2-years rainfall record (<2-years return period rainfall)
after the earthquake; however, the LWD is not expected to travel
long distances as a result of the average rainfall that occurs during
a given year. Here, we calculated the water depths of the 2-years,
10-years, 20-years, 50-years, 100-years, and 400-years return
period rainfall. When there is a large amount of preceding
rainfall, the soil moisture in the catchment becomes nearly
saturated up to the ground surface and Horton-type surface
flows occur. Because the effect of the initial loss of rainfall is
small and the runoff rate is high in such a case, the water depth
when the runoff coefficient (Cf) = 1 was also estimated.

When the water depth is evaluated under normal conditions
(Cf = 0.45), a water depth exceeding 10 cm was confirmed to not
occur within the 2-years return period (Figure 11). In return
periods of more than 10 years, the water depth exceeds 10 cm in
the main channels, which is a condition for LWD to travel long
distances. However, the maximum water depth is 15.1 cm at the
lower reach in the 400-years return period and most of the
maximum water depths are less than 15 cm. Even if floating
occurs, it represents only approximately 23% of all the LWD
(Figure 3) and there is no danger of movement for most of the
LWD. In the five sub-catchments, it is assumed that a water depth
exceeding 10 cm does not occur, even on the scale of the 400-
years return period rainfall, nor does a situation in which the
LWD travels a long distance.

Under the condition that the outflow rate of the catchment is
high (Cf = 1.00), the water depth will exceed 10 cm in all main

channels, even in the 2-years return period rainfall (Figure 12).
Furthermore, it is estimated that a water depth of 15–20 cm can
be assumed on the scale of the probability of exceeding the 10-
years return period rainfall and that 35% of the LWD (Figure 3)
will move a long distance in the main channel if the LWD pieces
float. If the more than 50-years return period rainfall is exceeded,
the water depth will reach 20–25 cm. In this case, 50% of the
LWD pieces will move a long distance if floating occurs,
increasing the risk of LWD transportation. In all of the sub-
catchments, the water depth exceeds 10 cm for the more than 20-
years return periods but the water depth is less than 15 cm and the
risk is minimal, even if LWD movement occurs.

However, even if the water depth is larger than the diameters
of the LWDpieces, long-distance movement may not occur. Haga
et al. (2002) pointed out that conditions in which the LWD are
trapped by obstacles in the channel or buried in gravel also
provide great bearing capacity for the LWD. In this catchment,
logjams have formed at multiple locations along the river channel
and some of the LWD is buried in gravel (Figure 10A–C). It is
assumed that, because of the deposition and accumulation
conditions of the LWD in this catchment, the LWD will not
start to move even if the water depth exceeds the floating water
depth limit at times of major flooding after the earthquake.

In addition, it has been found that the residence time of
driftwood is 80% or more and 50 years or less, with a
maximum of 1,400 years, and the longer the residence time of
the LWD, the more the decay of a piece of LWD will progress
(Hyatt and Naiman, 2001). The LWD supplied to the river
channel is subdivided and flows downstream as it decays
(Ward and Aumen, 1986; Seo et al., 2015). Even though half
of the LWD pieces are expected to move along the main channel

FIGURE 13 | Flowchart of the methodology for LWD risk assessment after a event occurrence.
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with a rainfall event of the 400-years return period (Figure 12),
the risk of disaster associated with this movement may be reduced
as the wood pieces are subdivided via decay over time.

The LWD did not move in the actual rainfall events in the
2 years following the earthquake. However, some pieces of LWD
will likely move during rainfall events with return periods of more
than 10 years and it is assumed that there is a risk that this will
cause a disaster. However, the risk is smaller in the sub-catchment
of the upper stream than in those of the mainstream. In other
words, not all LWD in the catchment is uniformly dangerous. A
method for assessing the risk associated with LWD at the
catchment scale after LWD generation is shown in Figure 13.
The risk is related to where and how far the LWDwas transported
and deposited after the landslide occurrence; therefore, risk
assessments focusing on these characteristics could be
effective. In addition, LWD may decay over time, reducing the
disaster risk. These facts indicate that, in disaster risk assessments
after LWD generation, it is necessary to examine the spatial
distribution of the LWD, including logjams, and to perform
zoning according to the degree of risk. These zoning results
can then be used to determine locations with a higher priority
for countermeasures.

CONCLUSION

We examined the LWD production, movement, and deposition
from landslides generated by the 2018 Hokkaido Eastern Iburi
Earthquake and evaluated the future risks associated with LWD
movement. Approximately 7,000 pieces (9,119 m3 km−2) of LWD
were generated in this area during the earthquake, and more than
80% of these moved from the slope to the river channel. The
LWD that reached the river channel stopped flowing at a
maximum of 200 m or more from the upper reach to the
middle reach and were accompanied by the landslide debris at
the time the landslide occurred. The LWD deposited in the main
river channel did not move during the 2 years following the
earthquake. This was not simply because there were no high-
magnitude flooding events but because logjams formed at
multiple locations in the river channel and some of the LWD
was buried in gravel and submerged in water ponds. Given these
conditions of the LWD deposition, there is currently a low risk of
the LWD relocating during future flooding. In this catchment, the
uneven LWD distribution and the formation of logjams were
fixed almost immediately after the landslide at the time of the
earthquake; these facts are important when considering future

measures. From the water depth evaluation based on the
difference in the excess return period, the degree of risk differs
depending on the location of the LWD deposition in the channel.
This suggests tha t not all LWD in the catchment is dangerous
and that risk assessments focusing on the location of the LWD
can be effective. This study makes it possible to determine high
priority areas for LWD treatment.
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