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Abstract: After multiple simultaneous landslides caused by heavy rainfall, expanding landslides
continue to occur for a certain duration. Evaluation of the influencing period of sediment yield due
to expanding landslides is vital for comprehensive sediment management of the basin. In this study,
we investigated a region with a low frequency of heavy rainfall that has not received its due level of
attention until now. Consequently, the transition of expanding landslides depends on the transition
of the number of remaining landslides, based on the difference in the frequency of heavy rainfall.
Furthermore, the transition of expanding landslides depends on the maximum daily rainfall after
the landslides. These findings indicate that “the number of remaining landslides” and “maximum
daily rainfall after a landslide” are related factors that determine the period during which expanding
landslides frequently occur. An estimation formula based on elapsed time was developed to calculate
the number of remaining landslides. An empirical formula for the number of expanding landslides
was obtained by multiplying the function of the daily maximum rainfall after the landslide by the
estimation formula for the number of remaining landslides. The developed empirical formula can
be used effectively for evaluation during periods when rainfall-induced landslides are subject to
subsequent expansion.

Keywords: expansion landslides; rainfall-induced landslides; low frequency of heavy rainfall

1. Introduction

Recently, comprehensive watershed sediment management has been promoted from
the viewpoint of a sediment transport system, which is inclusive of the mountain water-
shed to the sea area as a single system. The sediment supplied from the mountain slope is
temporarily deposited into the basin and then flows downstream due to rainfall and other
factors. In particular, when earthquakes and heavy rainfall cause multiple simultaneous
landslides, sediment runoff occurs downstream over a longer duration [1-3], causing dam-
age to houses and infrastructure in downstream areas. Therefore, it is vital to understand
sediment dynamics as a sediment transport system after large-scale sediment supply events,
such as earthquakes or heavy rainfall [4].

In addition to the re-movement of the sediment produced during large-scale sediment
supply events and deposition in river channels [5], it is important to survey the sediment
supply to river channels from their slopes after earthquakes and heavy rainfall events. It
has been revealed that high sediment production continues on the slopes around landslide
areas, such as in the frequent occurrence of new landslides due to the destabilization
of slopes caused by previous landslides [6]. Recently, Samia et al. [6] defined the path
dependency of landslides as a situation in which a landslide is likely to occur for a set period
after its occurrence. In addition, on slopes where hard soil and weathered bedrock are
exposed to earthquakes and heavy rain, sediment runoff may continue, owing to surface
erosion, until the vegetation recovers [7,8]. Therefore, to evaluate the sediment runoff
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from the landslide slope to the river channel after an earthquake or heavy rainfall, it is
necessary to consider both the expansion of the landslide and the recovery of vegetation
after its occurrence.

Regarding the expansion of the landslide area after the occurrence of earthquake-
induced landslides, it has been reported that the expansion of landslides often occurs after
aftershocks [9] or when the post-earthquake rainfall intensity is relatively weak [10,11].
Khattak et al. [12] reported that the expanding landslide area recorded during the two years
following the 2005 earthquake in Pakistan was approximately 9% of the landslide area at the
time of the earthquake. Li et al. [13] reported that the expansion of the area corresponding
to approximately 33% of the original landslide occurred two years after the 2008 Wenchuan
earthquake. In addition, Li et al. [13] reported that the percentage of expansion of the
landslide areas confirmed after 8 years was 5%. Therefore, the actual conditions of the
expanded landslide area on the landslide slope that was caused by the earthquake were
clearly quantified. On the other hand, with regard to rainfall-induced landslides, fewer
studies have focused on the continuous monitoring of expanding landslides, compared
with those related to earthquake-induced landslides [14-16].

Regarding the recovery of vegetation on the landslide slopes, the period during which
the soil layer recovers or the period during which the landslide continues to exist as a “bare
slope” has been reported for landslides caused by earthquakes or heavy rainfall [17-20].
In some cases, the recovery rate of the soil layer in the landslide area was relatively fast
in the early stages after the landslide and later decreased. For example, Shimokawa [17]
reported that 250 years after the occurrence of a landslide on steep slopes (30—40°) in
southern Japan, the thickness of the soil layer increased to approximately 80 cm. The soil
layer growth rate was the fastest at approximately 2.7 mm/y for the first 150 years and then
decreased to approximately 1.8 mm/y. Furthermore, the rate of vegetation recovery has
been quantitatively evaluated over several decades, based on the interpretation of aerial
photographs and normalized difference vegetation index analysis using satellite images
(e.g., [21-24]). Lin et al. [21] examined the vegetation recovery of landslide areas caused by
the Chi-Chi earthquake and found that vegetation recovered in 28% of the landslide area
one year after the earthquake and in 60% of the landslide area two years after the earthquake.
In addition, Shou et al. [22] showed that there was vegetation recovery in 90% of landslides
10 years after the Chi-Chi earthquake. Furthermore, Hovius et al. [23] and Liu et al. [24]
reported that typhoon attacks after an earthquake significantly slowed vegetation recovery.
Based on these facts, it is considered probable that vegetation recovery in landslide areas
is controlled by the time that has elapsed since the occurrence of landslides and rainfall
conditions after the landslides.

As described above, slopes that exhibit landslides due to heavy rain or earthquakes are
affected by rainfall, but the expansion of landslide areas shrinks over time, and vegetation
is recovered in the bare areas of landslide areas. In other words, it is thought that slopes
on which landslides occur because of heavy rainfall or earthquakes will return to their
original state from before the heavy rainfall or earthquakes. However, few studies have
concurrently addressed both landslide expansion and vegetation recovery after landslides.
In particular, there have been insufficient studies on variations in landslide expansion
by considering the transition of landslides due to vegetation recovery (transition of the
remaining landslides).

Furthermore, several studies that investigated the expansion process of landslides caused
by heavy rainfall were conducted in areas with a high frequency of heavy rainfall [14-16];
however, studies on areas with a low frequency of heavy rainfall are limited. The number
of expanding landslides depends on the number of landslides (the remaining landslides)
occurring in a basin. It is believed that the number of landslides in areas with a low frequency
of heavy rainfall is smaller than that in areas with a high frequency; however, the number of
landslides increases once heavy rainfall occurs. In other words, areas with a low frequency
of heavy rainfall show larger transitions in terms of the number of landslides than areas with



Geosciences 2023, 13, 314

30f19

a high frequency, and it is thought that the transitions in expanding landslides are also large.
However, the actual situation is not clear.

In addition, it has not been sufficiently clarified whether the expanding landslide
depends not only on the influence of the remaining landslide but also on the elapsed time
after the landslide or, alternatively, on rainfall intensity. This investigation also provides
useful information for areas that have not yet been affected by heavy rainfall but that are
likely to be affected by heavy rainfall due to future climate change.

Therefore, in this study, we analyzed the characteristics and factors of transitions in
expanding landslides in regions where the frequency of heavy rainfall is low. In addition,
the transition of expanding landslides is thought to be dependent on the transitions of
the remaining landslides. We estimated the number and area of the remaining landslides
over time. Furthermore, we examined the influence of the original landslide area, as it is a
determining factor for the number and size of the subsequent landslides.

Based on the gaps in the literature mentioned above, the study objectives were to
analyze the characteristics and factors associated with the transition of expanding landslides
in areas with a low frequency of heavy rainfall. In addition, the study aimed to evaluate
the period of impact of expanding landslides, considering the transition of the remaining
landslides. The Saru River Basin in Hokkaido was selected as the region of Japan with
the lowest frequency of heavy rainfall events. The most significant heavy rainfall event
occurred in this region in 2003. Based on the available data regarding the subsequent
expansion and vegetation recovery of the landslide caused by this heavy rainfall, we
investigated the expansion and vegetation recovery of landslides that occurred in this area
at different times over the past 50 years.

2. Study Site

The study area comprises the Shukushubetsu River Basin, a tributary of the Saru River,
located in the western part of the Hidaka Mountains in central Hokkaido (Figure 1). The
Shukushubetsu River Basin covers an area of 54 km? (Figure 1). The elevation of the area
ranges from 145 to 1317 m above sea level. The average slope gradient calculated from the
10 m DEM was 28.5°. The study area is in the Kamuikotan Zone and consists primarily
of Late Cretaceous sedimentary rocks (sandstone, siltstone, and mudstone) (16 km?) and
basalt blocks, which are accretionary complexes from the Late Jurassic—Early Cretaceous
(35 km?) [25]. The vegetation in the study area has been partially transformed into an
afforestation site for Abies sachalinensis and Larix kaempferi, but most of the vegetation is
covered with a natural mixed coniferous forest [26].

42° 30'N

142° E 142° 30'E

Figure 1. Location map of the study site.
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Hokkaido is located in a subarctic region that is historically unaffected by tropical
cyclones (typhoons). Therefore, sediment runoff events in Hokkaido are generally less
frequent than those in areas with frequent typhoons [27]. The observed average annual rain-
fall, based on rain gauges, is 1359 mm in the study area. In the Saru River Basin, snowmelt
runoff from April to May accounts for 35% of the annual runoff [28], but landslides and
debris flows are primarily caused by heavy rainfall during the summer season [26]. From
8-9 August 2003, a typhoon caused the heaviest rainfall to be recorded in the study area
in recent decades. Among the tributary basins of the Saru River, the Shukushubetsu
River Basin has a particularly high rainfall intensity, with a total rainfall of 434 mm and a
maximum rainfall intensity of 64 (mm/h) during the event [26]. Based on the estimation
formula proposed by Kimura et al. [26], the maximum daily rainfall in the study area
during the analysis period (1963-2013) was determined using data from nearby rainfall
stations (Figure 2). In 1981 and 2001, before the heavy rainfall recorded in 2003 (Figure 2),
maximum daily rainfall exceeding 200 mm was observed in the Shukushubetsu River Basin,
and the 100-year probability of daily rainfall was 363 mm.
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Figure 2. Maximum daily rainfall from 1963 to 2013.
3. Methods
3.1. Data

The landslide areas were interpreted using aerial photographs. The aerial photographs
used for the interpretation were the aerial photographs issued by the Forestry Agency in
1963, 1974, 1983, 1993, 2003, 2008, and 2013 (Table 1).

Table 1. List of aerial photographs.

Year Date Scale

1963 30 May, 17 June, 19 June, 28 June 1:20,000
1974 1 August 1:20,000
1983 29 September, 8 October, 19 October, 21 October 1:16,000
1993 6 July, 31 August, 2 September, 15 September, 17 September 1:16,000
2003 16 September 1:16,000
2008 6 August, 10 September 1:16,000

2013 6 September, 13 September, 27 September 1:16,000
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3.2. Interpretation and Classification of Landslides and Calculation of Individual Landslide Areas

The interpretation and classification of landslides and the calculation of individual
landslide areas were performed using ArcGIS (ver.10.8.1), based on multi-temporal or-
thophotographs. Orthophotographs were obtained according to the procedures described
by Koshimizu and Uchida [29].

In the study area, the hillslopes are typically covered by forest. During the study
period, there was no human-induced deforestation being conducted in the region. Conse-
quently, the absence of vegetation in certain areas indicated the presence of landslide scars.
Therefore, in this study, we detected no vegetation area and designated no vegetation area
to clarify the landslide area using multi-temporal orthophotographs.

In this study, the occurrence, expansion, shrinkage, and disappearance of landslides were
interpreted based on the difference between the aerial photographs taken previously and those
taken during the considered period using orthophotographs. If the aerial photographs taken in
the previous period were covered by vegetation and it was possible to ascertain that the aerial
photographs from the period of interest had caused a new landslide, then it was defined as a
landslide that occurred or expanded during this period. An “original landslide” was defined
as a landslide that did not intersect or overlap with a pre-existing landslide. However, if the
landslide touched another landslide that existed in the previous period, the existing landslide
was considered to have expanded, and was defined as an “expanding landslide”. For example,
in a place that was previously covered with vegetation, as shown in the left image of Figure 3,
when a bare area was confirmed in the subsequent period (center image of Figure 3), such an
area was extracted from the image as an “original landslide” (with a blue solid line surrounding
the range). As shown in the right image of Figure 3, when an expanded bare area (with a red
solid line surrounding the range) that was adjacent to the previous landslide area (with a blue
solid line surrounding the range) was identified in the subsequent period, it was extracted
from the image as an “expanding landslide”. In addition, a “reactivated landslide”, which
refers to a landslide occurring again within the range of an existing landslide in the period
before the relevant time, was also defined as an “expanding landslide”. When interpreting the
landslides, we first extracted the range in which sediment movement, such as the presence of
bare land, was confirmed. Next, to distinguish between the erosion area and the other areas, a
landslide area polygon was created by excluding the area where sediment clearly accumulated
from the area where sediment movement had been confirmed by stereoscopic vision.

N e AT L io j : A
. Aerial photograph in 2003 e.f Aerlal photograph in 2008

Figure 3. Classification of the original and expanding landslides using orthophotography. Original
landslide: landslides where a bare area was observed during a set photography period (blue outline
in the center image), compared with the area covered by vegetation during the previous photography
period (left image). Expanding landslide: landslides where the bare area has expanded to the area
(red outline in the right image) adjacent to the landslide, compared with the previous photography
period (center image).

On the other hand, if the recovery of vegetation was confirmed in the aerial pho-
tographs taken during the previous period, the landslide area was considered to have
shrunk or disappeared. Therefore, when the landslide area is completely covered with
vegetation and has now vanished, it is classified as a “disappeared landslide,” and when
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even a part of the landslide area remains, it is classified as a “remaining landslide”. For
example, if the landslide area confirmed on the left image of Figure 4 (with a red solid line
surrounding the range) decreases in the landslide area in the next period (with a yellow
solid line surrounding the range), it is classified as a “remaining landslide”. It should be
noted that the expanding landslide is also included in the remaining landslide because
the bare area has been continuously confirmed since the time of the original landslide.
In other words, a remaining landslide includes both shrunken and expanding landslides.
Some orthophotographs did not sufficiently confirm the surroundings of the landslide area
because of unclear aerial photographs or tree shadows. In such cases, it was difficult to
accurately trace the landslide area; therefore, such orthophotographs were excluded from
the analysis.

" : 4 N &A s t ."., c

Aerial photograph in 2003 - Aerial photograph in 2013
Figure 4. Extraction of remaining landslides (shrunk landslides). Remaining landslide: a landslide
where a bare area was continuously observed during the current period of interest (yellow solid line
in the right image), compared with the landslide area during the previous period of interest (red
solid line in the left image and red dotted line in the right image).

Furthermore, it is believed that the landslide occurred between the time of the aerial
photograph, which was taken just before the confirmation of the landslide, and the time
when the subsequent aerial photograph was captured. It is difficult to determine when it
occurred. Similarly, when the disappearance of a landslide was confirmed, it was difficult
to determine the time of disappearance. Therefore, in this study, we assumed that the
landslide occurred or disappeared between the time of the current photograph and the
previous one. We then organized and represented these events based on the midpoint of
the time period. Furthermore, the maximum possible time width was evaluated.

3.3. Flow of the Analysis

In this study, we evaluated the period of impact of the expanding landslide, consider-
ing the transition of the remaining landslide (Figure 5).

First, we analyzed the characteristics and factors influencing the period during which
expanding landslides occur frequently in areas with a low frequency of heavy rainfall.
In this regard, we investigated (i) the relationship between transitions in expanding and
remaining landslides and (ii) the relationship between transitions in expanding landslides,
the time that had elapsed since the landslide, and rainfall intensity.

As for the relationship between transitions in expanding and remaining landslides,
we divided the expansion landslides by the original landslides and compared the transition
of the ratio with the transition of the number of remaining landslides. The reason for
dividing the expanding landslides by the original landslides is to eliminate, as fully as
possible, the effect of rainfall intensity on the progression of expanding landslides. We
assumed that the expanding landslide and the original landslide were affected by the same
rainfall intensity at the same time, and then eliminated the effect of rainfall intensity as fully
as possible by dividing the expanding landslide by the original landslide. In this study,
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we investigated the relationship between transitions, using the ratio of the total area of
expanding landsides to the total area of the original landslide and transitions in the number
of remaining landslides.

Investigation 1:

Characteristics and factors influencing the period
during which expanding landslide in areas with a
low frequency of heavyrainfall

i) The relationship between transitions in expanding and
remaining landslides

ii) The relationship between transitions in expanding landslides,
elapsed time since the landslide, and rainfall intensity

Investigation 2 :

Remainingratio of original landslidesover time

i) Estimation formula for the number and area of remaining
landslides over time

+ The number of remaining landslides over time :
R, (t)=at
Where a is constant , t is elapsed time since original landslide
- The area of remaining landslides over time :
R, (t)=Ae"t
Where Ab is constant , t is elapsed time since original landslide

ii) Relationship between original landslide area and the number of

remaining landslides

Evaluation of the influence period of the
expanding landslide considering the
transition of the remaining landslide

Figure 5. Analysis flow chart.

For the relationship between transitions in expanding landslides, the number of years
that have elapsed since the landslide, and rainfall intensity, the ratio of expanding landslides to
remaining landslides was determined. By investigating the relationship between this ratio and
the elapsed years and rainfall intensity, we will clarify whether the expanding landslides are
more influenced by the elapsed years since the landslide or the rainfall intensity.

Specifically, we investigated the relationship between “the ratio of the number of
expanding landslides to the number of remaining landslides (the ratio of the number
of expanding landslides, or RNEL)” and “the ratio of the expanding landslides area to
the remaining landslides area (the ratio of the expanding landslide area, or RELA)” with
elapsed time and rainfall intensity, respectively. For the rainfall scale index, we decided
to use the maximum daily rainfall as an index of short-term rainfall intensity related to
landslides [30,31] and as an index of the rainfall scale that has been continuously observed
in the basin.

Next, we determined the ratio of remaining landslides to original landslides over time.
Regarding this determination, in order to construct a formula for estimating the number
and area of remaining landslides over time, we investigated the relationship between the
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number of remaining landslides (the remaining landslide areas) and the number of original
landslides (the original landslide areas). When constructing the formula for estimating the
number of remaining landslides and the remaining landslide area, we estimated the ratio
of the number of remaining landslides to the number of original landslides (the ratio of the
number of remaining landslides, or RNRL) and the ratio of the remaining landslide areas
to the original landslide areas (the ratio of the remaining landslide area, or RRLA) from
the elapsed year. Regarding the relationship between the original landslide area and the
number of remaining landslides, we investigated the transitions in RNRL over time for
each of the five original landslide areas (0-250 m?, 250-500 m?2, 500750 m?2, 750-1000 m?,
and >1000 m?).

4. Results
4.1. Area Frequency Distribution and Density of Original Landslides

The multi-temporal landslide inventory in this study area is shown in Figure 6. The
year 1963 was excluded because it was impossible to compare it with previous aerial pho-
tographs or to identify the original landslide. Furthermore, 1983 and 2013 were excluded
because the number of original landslides was very small, at five and six, respectively. The
frequency distribution and density of the original landslide area over the entire period
showed a Poisson distribution, with the maximum original landslide area in the interval of
0-500 m? (Figure 7).

Figure 6. Multi-temporal landslide inventory map in the study area.
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Figure 7. Histogram of the original landslide area for each year: (a) 1974, (b) 1993, (c) 2003, and

(d) 2008.

The total number of landslides in 1974 was 63 and the landslide area of 0-500 m?
had a landslide density of 59%, accounting for more than half of the total; moreover, the
maximum landslide area was 6312 m? (Figure 7a). The total number of landslides in 1993
was 108, and the landslide area of 0-500 m? had a landslide density of 56%, accounting
for more than half of the total, with a maximum landslide area of 3419 m? (Figure 7b).
The total number of landslides in 2003 was 383, which was the largest number during the
analysis period, and the landslide density in the section from 0-1000 m? accounted for
more than half of the total (70%). The maximum landslide area was 11,466 m?, which was
the largest during the analysis period (Figure 7c). The number of landslides in 2008 was 13,
which was the third lowest during the analysis period, and the landslide area of 0-1000 m?
had a landslide density of 77%, accounting for more than half of the total. The maximum
landslide area was 2790 m? (Figure 7d).

4.2. Area of Expansion and Original Landslides and Transition in Their Ratios

The average annual total area of the original landslides (ATOL) during the analysis
period (1963-2013) was 3075 (m? /year), excluding the period from 1993 to 2003 (heavy rain-
fall was recorded in 2003) (Figure 8a). The ATOL ranged from 488 (m?/year) (1974-1983) to
7828 (m?/year) (1983-1993), a difference of approximately 16-fold. In addition, the ATOL
was 39,708 (m? /year) during the period from 1993 to 2003, including 2003, when heavy
rainfall was recorded.
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Figure 8. (a): Relationship between the average annual total area of original and expanding landslides
and ATEL/ATOL for each period. (b): Relationship between the number of remaining landslides and
ATEL/ATOL for each period.

Conversely, the annual average total area of the expansion landslide (ATEL), which is
the average for all periods, was 2103 (m? /year). The period with the largest ATEL was from
2003 to 2008, recorded after the heavy rain in 2003 (6681 (m?/year). The average ATEL,
excluding the period from 2003 to 2008, was 1181 (m?/year). Therefore, the ATEL from
2003 to 2008 was approximately six-fold that of the average ATEL, excluding the period
from 2003 to 2008.

The average of the ATEL-to-ATOL ratio was 1.05, on average, over the entire period.
Before the heavy rainfall of 2003, the average of the ATEL-to-ATOL ratio was 0.13. The
period with the highest ratio was 2008-2013, after the heavy rainfall in 2003, followed
by 2003-2008. The values for each period were 3.0 and 2.8, respectively, and the ATEL
exceeded the ATOL in both periods. Furthermore, the ratio between the two periods was
22-23-fold higher than that before 2003. The ATEL from 2003 to 2008 (6681 (m?/ year)) was
smaller than the ATOL from 1993 to 2003 (including the heavy rainfall in 2003) and from
1983 to 1993 by 0.17-fold and 0.85-fold, respectively. However, it was 2.17-fold higher than
the ATOL (3075 (m?/ year)) during the analysis period (1963-2013), excluding 1993-2003,
which recorded the heavy rainfall in 2003. Furthermore, the ATEL from 2003 to 2008 was
also higher than the ATOL from 1963 to 1974 (1.82-fold), 1974 to 1983 (13.7-fold), and 2008
to 2013 (6.68-fold), respectively. Furthermore, the ATEL (2988 (m?/year)) in the period
from 2008 to 2013 was smaller than the ATOL in the period from 1993 to 2003 (including
the heavy rainfalls in 2003) (0.08-fold), 1983 to 1993 (0.38-fold), and 1963 to 1974 (0.82-fold).
However, it remained relatively consistent with the ATOL (3075 (m?/year)) during the
analysis period (1963-2013), excluding the 1993-2003 period, which featured heavy rainfall
in 2003 (0.97-fold).

4.3. Relationship between the Ratio of Expanding and Original Landslide Areas and the Number of
Remaining Landslides

The number of remaining landslides was the lowest at 0.67 (/ kmz) in 1983-1993 and
the highest at 8.76 (/ km?) in 2003-2008 (Figure 8b). The average number of remaining
landslides over the entire period was 4.11 (/km?). From 1983 to 1993, when the ATEL-
to-ATOL ratio was the lowest, the number of remaining landslides was also the lowest.
However, the number of remaining landslides during the period when the ATEL-to-ATOL
ratio exceeded 1 (2003—2008 and 2008-2013) was within the top two in the analysis period.
In addition, the period in which the ATEL-to-ATOL ratio was the third largest (1963-1974)
corresponded to the period in which the number of remaining landslides was the third
largest. Therefore, a corresponding relationship was observed between the ATEL-to-ATOL
ratio and the number of remaining landslides.
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4.4. Relationship between Transitions in Expanding Landslides, Elapsed Time since the Landslide,
and Rainfall Intensity

Figure 9a,b shows the relationship between the RNEL, the RELA, and the elapsed time.
The 1974 landslide was treated as supplementary data because the number of landslide
samples that persisted beyond 29 years after this landslide was small (<10). The RNEL in
each period did not show a monotonous increase or decrease depending on the number of
years since the landslide occurred (Figure 9a). The landslides in 1993 and 2003 showed a
constant RNEL value of approximately 20%, regardless of the number of years since the
landslide. However, for the 1974 landslide, when the number of samples was >10, RNEL
was <10% in the period 9 to 19 years after the landslide and that 19 to 29 years after the
landslide. This was smaller than the RNEL for the same landslide periods in 1993 and 2003.
The transition of the RNEL in 1974 increased slightly from 4.8% in the period 9 to 19 years
after the landslide to 8.3% in the period 19-29 years after the landslide. Furthermore, for
the 1974 landslide, the RNEL was >10% (for the period 29 years after the landslide) and it
further increased to 75% for the period 29-40 years after the landslide and decreased for
the period 34-50 years after the landslide.

Elapsed time since original landslide, y
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Figure 9. (a): Relationship between the RNEL and the elapsed time since the original landslide.
(b): Relationship between the RELA and the elapsed time since the original landslide.

The RELA in each period did not exhibit a monotonous increase or decrease depending
on the number of years since the landslide occurred (Figure 9b). In 1974, the RELA
increased slightly, from 1.5% in the period 9-19 years after the landslide to 3.8% in the
period 19-29 years after the landslide. For the period with fewer than ten samples, it further
increased to 27% in the period 2940 years after the landslide. However, it decreased to
5.4% for the period 3445 years after the landslide and further decreased to 0.6% for the
period 39-50 years after the landslide. For the landslide in 1993, the RELA was the highest
at 18% for the period 10-20 years after the landslide. Subsequently, it decreased to 5.8%
for the period 15-25 years after the landslide but slightly increased to 9.4% for the period
20-30 years after the landslide. For the landslide in 2003, the RELA showed a constant
value of approximately 10%, regardless of the elapsed years.

Figure 10a,b shows the relationship between the RNEL, the RELA, and the maximum
daily rainfall in each period. The correlation between the RNEL and maximum daily rainfall
was R? = 0.33 (Figure 10a). Regarding the relationship between the RNEL and maximum
daily rainfall during the longest period after the landslide in the analysis period (over
29 years after the landslide), the RNEL increased with rainfall intensity. For the relationship
between the RNEL and the maximum daily rainfall 9-10 years after the landslide, the
RNEL, with a maximum daily rainfall of 388 mm, was similar to or greater than the RNEL
with a maximum daily rainfall of 131 mm. In addition, the analysis of the relationship
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between the RNEL and the period after the landslide when the maximum daily rainfall was
the highest showed that the RNEL was 22% for the period 9-10 years after the landslide
and 75% for the period beyond 29 years after the landslide. This indicated that the RNEL
value for the period beyond 29 years after the landslide exceeded that for 9-10 years after
the landslide. In addition, the RNEL value at >29 years after the landslide was the highest
during the entire analysis period. Therefore, the RNEL increased with the rainfall intensity
of the maximum daily rainfall, regardless of the time that had elapsed after the landslide.
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Figure 10. (a): Relationship between the RNEL and maximum daily rainfall. (b): Relationship
between the RELA and maximum daily rainfall.

The relationship between the RELA and the maximum daily rainfall for the entire
period showed a clear correlation (R? = 0.64 (Figure 10b)). An analysis of the relationship
between the RELA and maximum daily rainfall during the longest period after the landslide
in the analysis period (29 years after the landslide) showed that the RELA value increased
as the rainfall intensity increased. Moreover, an analysis of the relationship between the
RELA and maximum daily rainfall 9-10 years after the landslide showed that the RELA
with a maximum daily rainfall of 388 mm was greater than the RELA with a maximum
daily rainfall of 131 mm. In addition, an analysis of the relationship between the RELA and
the period after the landslide showed that when the maximum daily rainfall was the highest
(maximum daily rainfall: 388 mm), the RELA was 18% for the period 9-10 years after the
landslide and 27% for the period more than 29 years after the landslide. Therefore, the
RELA at >29 years after the landslide exceeded the RELA at 9-10 years after the landslide.
As mentioned earlier, the RELA also increased with the rainfall intensity of the maximum
daily rainfall, regardless of the elapsed time after the landslide, as was similar for the RNEL.

4.5. Transition of the Number and Area of Remaining Landslides after the Landslide, Relationship
between the Original Landslide Area and the Number of Remaining Landslides

The RNRL and RRLA in each period are shown in Figure 11a,b, respectively. The year
1983 was also excluded because the number of original landslides was negligible (only
five). The slope of the relational expression of the RNRL with respect to the elapsed time
after the occurrence of the original landslide in each period was defined as the reduction
rate and was compared for each period. The RNRL decreased exponentially (R(t) = 0.93!
(R? = 0.79)). The transition of the RNRL for each period reached the highest in the period
immediately after the landslide (approximately 5-20 years after the landslide) and then
decreased monotonically in each period; however, the reduction rate varied depending on
the period. In 1974, the RNRL reached 18% in the period 9-20 years immediately after the
landslide and then decreased in the period 39-50 years after the landslide. The reduction
rate of the RNRL in 1974 was —0.5 (Figure 11a). In 1993, the RNRL reached 67% in the
period 10-20 years after the landslide and then decreased in the period 20-30 years after
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the landslide. The reduction rate of the RNRL in 1993 was —4.5 (Figure 11a). In 2003,
the RNRL reached 90% in the period 5-10 years after the landslide and then decreased in
the period 10-20 years after the landslide. In 2003, the reduction rate of the RNRL was
—5.7 (Figure 11a). In 1974, the smallest RNRL (18%) was observed immediately after the
landslide, and the largest value was observed in 2003 (90%) (Figure 11a). The reduction
rate of the RNRL was also the smallest in 1974 (—0.5) and largest in 2003 (—5.7).
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Figure 11. (a): Relationship between the RNRL and the elapsed time since the original landslide.
(b): The relationship between the RRLA and the elapsed time since the original landslide.

The RRLA results can be described as follows. In 1974, one prominently huge landslide
was included among the landslides that occurred in 1974. For this reason, we thought that
a huge landslide would have an effect on the results; hence, we have also presented the
related results. Similar to the transition results for the number of landslides, we plotted
the RRLA for all the periods and examined its transition over time. The RRLA decreased
exponentially, except for a huge landslide in 1974 (R(t) = 95.3e 0115 (R? = 0.75)). The
transition of the RRLA for each period was the highest in the period immediately after
the landslide (approximately 5-20 years after the landslide); however, it then decreased
monotonically in each period, although the reduction rate varied. In 1974, the RRLA
reached 22% in the period 9-20 years immediately after the landslide and then decreased
in the period 39-50 years after the landslide. The reduction rate of the RRLA in 1974 was
—0.2 (Figure 11b). Excluding the huge landslide in 1974, the RRLA reached 9% in the
period 9-20 years after the landslide and then decreased in the period 39-50 years after
the landslide. In 1974, the reduction rate of the RRLA, with the exclusion of large-scale
landslides, was —0.3 (Figure 11b). In 1993, the RRLA reached 39% in the period 10-20 years
after the landslide and then decreased in the period 20-30 years after the landslide. The
reduction rate of the RRLA in 1993 was —2.8 (Figure 11b). In 2003, the RRLA reached 47%
in the period 5 to 10 years after the landslide and then decreased in the period 10 to 20 years
after the landslide. The reduction rate of RRLA in 2003 was —5.7 (Figure 11b). The lowest
and highest RRLA values immediately after the landslide were observed in 1974 (9%) and
2003 (47%), respectively (Figure 11b). The lowest and highest RRLA reduction rates were
observed in 1974 (—0.2) and 2003 (—5.7).

Furthermore, we organized the transition of the RNRL over time for each original
landslide area (Figure 12) and compared its ratio for the same elapsed period after the
landslide in each period, according to the landslide area. Consequently, for all periods, the
larger the original landslide area, the higher the RNRL in the same elapsed period after the
landslide (Figure 12). For example, the RNRL value 39-50 years after the landslide, which
had the longest elapsed time, was 0% for original landslide areas of <250 m2, 250-500 m2,
500-750 mZ, and 750-1000 m2. In contrast, 20% had an original landslide area of >1000 m2.



Geosciences 2023, 13, 314

14 of 19

100 T T T T T 100 T T T T T d
90 (a) - 90 + — R ( ) 4
80 —m— ~250m?] - 80 |- 1750~ 1000m?]
70 B 1974 7 = 1974
= 7T v 1983 77 L 70F 1993 7
j:i w0l v m oo | € O —a— : 2003
© | 0 2008 ﬂ_:i 60 - L J— O 2008 ]
"4 l -
E 50 g 50 F 4
40 . 40 | —v— -
——
30 |- v — 30 -
R
20 —y— - 20 4
10 1 10 F -
— ——
ob—— o e a4, 0 ' } ' oy
100 T T T T T b '00 T T T T T (e)
WV  —— ( ) 1 90 - A
g |- 250~500m’] . 1000m?~] ]
ol B 1974] ] — = 1974
= —— v 1993 _or —— v 1993 7
< [ W 2003 | & W 2003 ]
@ 60 O 2008 x Or v O 2008
J - L = <%
Z s0 - - 1 & sof — R —H— R —H— R .
=
o
40 - 4 T 4t 4
30| — v g 30 - I —— -
20 |+| . 20 —— -
10 — R - 10 -
— R —
0 oy : : gy 0 : : : : :
00 0 10 20 30 40 50 60
! ' ' ! ' Elapsed time since original landslide, y
0E (c) -
80 7500~750m2I—
70 + & 1974
& ::: v 1993
@ 60| W 2003 -
n_,:' [0 2008
g 50 |- R
40 - v .
30 - .
——
20 |- .
S A
10 |- 5 .
Ofb— x|

10 20 30 40 50 60
Elapsed time since original landslide, y

Figure 12. Transitions of RNRL over time for various original landslide areas (a): 0-250 m?2,
(b): 250-500 m?, (c): 500-750 m?, (d): 750-1000 m2, (e): over 1000 m?.

Furthermore, when the original landslide area was <250 m?2, the RNRL became 0%
30 years after the landslide, whereas when the original landslide area was in the range of
750-1000 m?, the RNRL remained at 25%, even 34 years after the landslide. Therefore, the
larger the area of the original landslide, the easier it was for the landslide to persist.



Geosciences 2023, 13, 314

15 0f 19

5. Discussion
5.1. Factors and Characteristics for the Transitioning of Expanding Landslide in Areas with a Low
Frequency of Heavy Rainfall

Ishigaki et al. [15] analyzed changes in landslide area over a period of approximately
76 years using aerial photographs of the Tanzawa Mountains of Kanagawa Prefecture. Their
findings showed that the ATEL-to-ATOL ratio in each period was 0-0.7. Compared with the
results of Ishigaki et al. [15], the variation in this survey area was large (0-3.0) (Figure 8a).
The ATEL-to-ATOL ratio from 2003 to 2008 was 4-fold greater than the maximum of 0.7 in
the study by Ishigaki et al. [15]. The ATEL-to-ATOL ratio from 2008 to 2013 was 4.3-fold
larger than the maximum of 0.7 in the study by Ishigaki et al. [15]. Although there are
various possible reasons for the large fluctuation, compared with that reported in the study
by Ishigaki et al. [15], one factor may be the difference in the frequency of heavy rainfall
in the study area. Ishigaki et al. [15] investigated the Tanzawa Mountain Range, where
heavy rainfall with a daily rainfall of >200 mm has occurred 17 times in the 40 years
since 1960 [32]. However, for a period of 50 years (1963 to 2013) in this study area, heavy
rainfall on the same scale occurred only three times (1981, 2001, and 2003) (Figure 2). In
contrast, the transition in the ATEL-to-ATOL ratio for each period in the survey area was
almost the same as the transition of the number of remaining landslides (Figure 8b). This
indicated that the transition of the expanding landslide area depended on the number
of remaining landslides. Therefore, this variation in the number of remaining landslides
due to differences in the frequency of heavy rainfall is considered one of the factors that
caused the greater variation in the ATEL-to-ATOL ratio compared with that reported by
Ishigaki et al. [15]. In other words, areas with a low frequency of heavy rainfall have a
greater variation in the number of landslides than areas with a high frequency of heavy
rainfall. Accordingly, it is thought that the variation in the expansion of landslides is
also great.

Furthermore, both the RNEL and RELA values increased with maximum daily rainfall,
regardless of the passage of time (Figures 9 and 10). In other words, it was expected
that the frequency and area of the expanding landslide would increase according to the
rainfall intensity, regardless of the number of years that had elapsed after the landslide.
Therefore, it was assumed that the period during which expanding landslides occurred
frequently was controlled by the number of remaining landslides and the rainfall intensity
after the landslides.

5.2. Ratio of Remaining Landslides to the Original Landslide over Time

As discussed in Section 5.1, the period during which expanding landslides occurred fre-
quently was controlled by the number of remaining landslides. The formula for estimating
the number of remaining landslides in this study area was R(t) = 0.93". Tsukamoto et al. [14]
investigated the transition of landslides over the 36-year period from 1959 to 1995 on the
southeastern slope of Mt. South Kiso, Japan. They reported that 10 years after 1959, the
RNRL landslide was at 41%. According to the estimation formula in this study (R(t) = 0.93!),
the RNRL 10 years after the landslide was estimated to be 48%. Therefore, although the
value estimated in this study was approximately 7% higher, the results were almost the
same as those of Tsukamoto et al. [14]. In addition, Samia et al. [6] quantitatively in-
vestigated the duration of original landslides and the rate of remaining landslides over
approximately 70 years in the Collazzone region of Umbria, central Italy. Samia et al. [6]
calculated the remaining landslide rate as the product of the RNRL and the ratio of the
remaining landslide area to the catchment area. Therefore, although slightly different from
the estimation formula in this study, the remaining landslide rates for 10 and 40 years after
the landslide were reported to be 25% and 1%, respectively. With the estimation formula
used in this study, the RNRL was 48% at 10 years after the landslide, which was 23% higher
than that reported by Samia et al. [6]. However, 40 years after the landslide, it was 5%,
which was similar to that reported by Samia et al. [6]. Therefore, the estimation formula
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proposed in this study may show a deviation from the measured value for the duration
immediately after the landslide. However, this deviation was considered to be negligible.

With respect to the remaining landslides over time, differences have been reported de-
pending on the size of the landslide and the geological conditions of the slope [6,14,17,18,33-35].
Therefore, it is possible that regional characteristics are one of the factors behind the differ-
ences observed at this survey site 10 years after the landslide, compared with that reported
by Samia et al. [6]. From the above, although the remaining landslide rate at a certain time
after the occurrence of the landslide confirms a slight difference, due to the difference in the
scale and geological conditions of the original landslide area, the remaining landslide rate
exponentially decreases with time.

Tsukamoto et al. [14] attributed the exponential decrease in the remaining landslide
rate to the fact that the frequency distribution curve of the landslide areas of the original
landslides was asymmetric (Poisson distribution) and that the vegetation recovery rate was
constant. The frequency distribution curves of the landslide areas of the original landslides
in all periods analyzed in this study were asymmetrical, and the landslide density in each
period tended to increase as the landslide area decreased (Figure 7). Furthermore, we
ascertained the transition of the RNRL over time for each original landslide area (Figure 12)
and compared its ratio for the same elapsed period after the landslide in each period
according to the landslide area. Consequently, the larger the original landslide area, the
higher the RNRL during the same elapsed period after the landslide (Figure 12). For
this reason, the exponential decrease in the RNRL is thought to be due to the asymmetry
(Poisson distribution) of many landslide areas with small original landslide areas and
vegetation recovery from small landslides.

5.3. Evaluation of the Influence Period of the Expanding Landslide, Considering the Transitioning
of the Remaining Landslide

Previous studies have often reported that expanding landslides become more pronounced
when a landslide caused by an earthquake is subjected to subsequent rainfall [10-12,36—41].
This is possibly because an earthquake caused cracks around the landslide area; the cracks
become lines of weakness and the subsequent rainfall causes landslides [38,41]. In addition,
it has been reported that even a small amount of rainfall after an earthquake, approximately
50-70% of the pre-earthquake rainfall, causes the landslide area to expand [10]. Furthermore, an
expanding landslide becomes significant even when the remaining landslide area is affected by
an earthquake [42,43]. The Tokachi-oki earthquake occurred near the study area, the epicenter
of which was off Kushiro, on 26 September 2003, 1 month after heavy rainfall. However,
because the study area is far from the epicenter and the maximum seismic intensity was
approximately 4 [44], it was not evident that the earthquake had a strong impact after the
landslide occurred.

Expanding landslides become active when earthquake-induced landslides are affected
by rainfall or remaining landslides are affected by earthquakes. However, in this study,
it was confirmed that even if there was no earthquake impact after a landslide caused
by heavy rainfall, the expanding landslide became significant at the entire basin scale
(Figure 8).

As described in Section 5.1, we estimated that the frequency and area of expanding
landslides would increase according to the number of remaining landslides and maximum
daily rainfall after the landslide. In other words, “the number of remaining landslides” and
“maximum daily rainfall after the landslide” are considered to be important indicators in
evaluating the period of impact of expanding landslides due to heavy rainfall. In addition,
the number of remaining landslides can be estimated using the formula described in
Section 5.2. Therefore, by multiplying the function for the maximum daily rainfall after
a landslide by the estimation formula for the number of remaining landslides shown in
Section 5.2, we proposed an empirical formula for the number of expanding landslides after
heavy rainfall. This allowed us to assess the impact period of the expanding landslides.
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6. Conclusions

In this study, we selected the Saru River Basin in Hokkaido as a region with a low
frequency of heavy rainfall that has not received much research attention thus far, and
clarified the factors and characteristics associated with the transitioning of an expanding
landslide. In addition, we estimated the number and area of the remaining landslides and
evaluated the influence period of the expanding landslide, considering the transition of
the remaining landslide. To clarify the characteristics and factors that affect the period
during which expanding landslides occur, we investigated (i) the relationship between
transitions in expanding landslides and transitions in remaining landslides, and (ii) the
relationship between transitions in expanding landslides, elapsed years since the landslide,
and rainfall intensity.

After investigating the relationship between “the ratios of expanding landslide area to
the original landslide area” and “the number of remaining landslides”, we found that there
is a correspondence relationship between the two. In other words, our findings showed that
the expanding landslide depends on the transition of the number of remaining landslides.
Furthermore, the RNEL and RELA depend on the maximum daily rainfall, regardless of the
elapsed time. Taken together, our findings reveal that “the number of remaining landslides”
and “maximum daily rainfall after the landslide” are related factors that determine the
period during which expanding landslides frequently occur.

It is possible to estimate the number of remaining landslides over time based on the
ratio of the number of original landslides (R(t) = 0.93"). Therefore, by multiplying the
function for the maximum daily rainfall after a landslide by the estimation formula for
the number of remaining landslides, we propose an empirical formula for the number of
expanding landslides after heavy rainfall. Therefore, it is possible to evaluate the impact
period of the expanding landslides caused by heavy rainfall in this area. Thus, it is predicted
that after heavy rainfall, the number of remaining landslides will increase, and even after a
certain amount of time has passed, once heavy rainfall occurs, expanding landslides will
become active.

Future studies should develop empirical formulas for various regions with different
topographical, geological, and climatic conditions for evaluating the period of impact of
the expanding landslides in each region. These results will provide useful information for
comprehensive watershed sediment management.
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