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Abstract

Roads can have a significant impact on the frequency of mass wasting events in mountain-
ous areas. However, characterizing the extent and pervasiveness of mass movements over
time has rarely been documented due to limitations in available data sources to consistently
map such events. We monitored the evolution of a road network and assessed its effect
on mass movements for a 11-year window in Arhavi, Turkey. The main road construction
projects run in the area are associated with a hydroelectric power plant as well as other
road extension works and are clearly associated with the vast majority (90.1%) of mass
movements in the area. We also notice that the overall number and size of the mass move-
ments are much larger than in the naturally occurring comparison area. This means that the
sediment load originating from the anthropogenically induced mass movements is larger
than its counterpart associated with naturally occurring landslides. Notably, this extra sedi-
ment load could cause river channel aggregation, reduce accommodation space and as a
consequence, it could lead to an increase in the probability and severity of flooding along
the river channel. This marks a strong and negative effect of human activities on the natural
course of earth surface processes. We also compare frequency-area distributions of human-
induced mass movements mapped in this study and co-seismic landslide inventories from
the literature. By doing so, we aim to better understand the consequences of human effects
on mass movements in a comparative manner. Our findings show that the damage gener-
ated by the road construction in terms of sediment loads to river channels is compatible
with the possible effect of a theoretical earthquake with a magnitude greater than M,,=6.0.
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1 Introduction

Recent findings suggest that our planet has been going through a new geologic time,
“Anthropocene,” in which human-driven changes dominate the Earth system and its geo-
logical records instead of natural processes (Lewis and Maslin 2015; Steffen et al. 2015).
The existence of the “Anthropocene” is supported by the “Great Acceleration” graphs
showing proxies of growing human activities (e.g., population, water use, transporta-
tion, etc.) and their influence on natural systems (e.g., CO, emission, surface temperature,
domesticated land, etc.), which becomes quite obvious since the mid-twentieth century
(Steffen et al. 2011, 2015) and is functionally and stratigraphically distinct from the Holo-
cene epoch (Waters et al. 2016). However, the existence of the “Anthropocene” still needs
much evidence (Brown et al. 2013). Notably, soil erosion, as a geomorphologic process,
has an essential role in the formation of the geological records. In fact, soil erosion in the
“Anthropocene” is chiefly governed by the coupled effect of natural and human-induced
soil erosion processes (Poesen 2018). In this context, we still need to better understand the
interactions between these processes (Brown et al. 2017).

In seismically active mountain ranges, landslides appear as the major erosive agent (e.g.,
Dadson et al. 2004; Morin et al. 2018; Parker et al. 2011). Moreover, anthropogenic factors
(i.e., land-use change, deforestation, hill cutting, etc.) can also be a significant contributor
of landslide initiations in active mountain ranges (Maharaj 1993; Larsen and Parks 1997;
Wasowski 1998; Chang and Slaymaker 2002; Guns and Vanacker 2014; Holcombe et al.
2016; Laimer 2017; Vuillez et al. 2018; Lee and Winter 2019; Li et al. 2020). In particular,
road construction is reported as one of the most influential factors of mass movement and,
in particular, landslide occurrence in seismically active mountainous regions such as in
India (e.g., Haigh et al. 1989; Barnard et al. 2001), Nepal (e.g., Hearn and Shakya 2017;
McAdoo et al. 2018), New Zealand (e.g., Coker and Fahey 1993; Fransen et al. 2001),
Pakistan (e.g., Owen et al. 2008; Atta-ur-Rahman et al. 2011) and Taiwan (e.g., Chang and
Slaymaker 2002; Chen and Chang 2011). This is not surprising because hillslope cutting
can cause a reduction in shear strength of hillslope material, disturb water flow directions
and also raised or perched water tables that lead to increase pore water pressure in case of
rainfall event (e.g., Guadagno et al. 2003; Tarolli et al. 2013; Holcombe et al. 2016).

As a result, an increasing number of slope failures are observed in seismically active
mountain ranges such as the Himalayan region because of road construction (Petley et al.
2007; Froude and Petley 2018). However, capturing the anthropogenic effect in land-
slide occurrence may not be a trivial task in such environments, because seismic shak-
ing disturbs hillslope materials and increases landslide susceptibility irrespective of road
construction (Owen et al. 2008; Tang et al. 2011). Therefore, differentiating the signal of
anthropogenic effect from the seismic one can be a challenge in some cases. For instance,
Khattak et al. (2010) and Khan et al. (2013) examine the post-seismic landslide evolution
following the 2005 Kashmir earthquake and emphasize the possible confusion between
landslides triggered by road construction and strength reduction caused by seismic shak-
ing. The same difficulty distinguishing the contribution of anthropogenic and seismic fac-
tors in landslide occurrence can also be valid for slope failures that occurred following the
2015 Gorkha earthquake. Rosser et al. (2021) and Jones et al. (2020) report an increased
landslide rate from 2016/2017 onward, which is argued to be primarily associated with the
increase in road-construction efforts. However, the disturbance induced by the earthquake
is inevitably a part of the predisposing factors.
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This implies that capturing the anthropogenic effect could be more convenient in an
environment at which seismicity does not play a significant role in landslide occurrence.
Therefore, in this study, we focus on a mountainous area located in the northeastern part
of Turkey, where the site has been exposed to no significant seismicity but to multiple
road construction projects. We examine not only expanding roads, but also mass move-
ments associated with those roads over the last 11 years. To assess the role of the anthro-
pogenic effect, we also map landslides that do not show any direct relation with roads.
Ultimately, we compare our mass movement inventory triggered by hillslope cutting with
landslide inventories associated with earthquakes in terms of their total surface areas. We
should stress that this comparison is only valid for long-term or secondary effects of both
human-induced mass movements and earthquake-induced landslides. Because, regardless
of their direct consequences, both cases increase the downstream sediment loads in a river
network. And this could lead not only to river channel aggregation but also to increase
the probability and severity of flooding along the river channel (Fan et al. 2019). In other
words, we consider the total surface area of mass movements and landslides as proxies for
the long-term hazardous effects of these processes. Therefore, by this comparison, we aim
to test the hypothesis that human-induced factors, in our case road constructions, could be
more hazardous than an earthquake in terms of mass movements. We test this hypothesis to
better assess how relevant human influence can be compared to natural processes.

We also stress that the construction projects conducted in the target area of this research
are met with resistance from both non-governmental environmental organizations (e.g.,
WWF 2020) and geoscientific community (Akbulut and Kurdoglu 2015), because the
study area is within the Caucasus ecoregion, which is one of the world’s 34 biodiversity
hotspots (Sekercioglu et al. 2011a). The Kamilet Valley crossing through the study area
(Sub-basins 4, 5 and 9 in Fig. 1) is one of the sites reflecting the rich biodiversity of the
region. It hosts numbers of endemic and rare non-endemic plants species that need to be
protected (Sekercioglu et al. 2011b; Akbulut and Kurdoglu 2015; Yuksel and Eminagaoglu
2017). Therefore, the research question of this study—that aims at exploring the anthro-
pogenic control on mass wasting processes—also has implications on the protection and
sustainable development of a biodiversity hot spot.

2 Study area

The study area is located in the northeastern part of Turkey within the municipal bounda-
ries of Findikli, Rize, and Arhavi, Artvin. It comprises nine catchments over approximately
195 km? (Fig. 1). Overall, the alternation of basalt-andesitic lava, pyroclastics, sandstone,
marl, and clayey limestone are present throughout the area (Alan et al. 2019).

The steep topographic features of the site are coupled with a strong precipitation
regime. The study area is within the zone receiving the highest precipitation measured
throughout Turkey (Fig. 2a). Based on the 20 years (from 2000-06-01 to 2020-03-31)
time series of the Integrated Multi-Satellite Retrievals (IMERG) Final Run product
(Huffman et al. 2019), which is available through Giovanni (v.4.32) (Acker and Lep-
toukh 2007) online data system, the average monthly precipitation of strong events (i.e.,
above 0.95 quantile) is 353 +40 mm/month. Precipitation measurements are also avail-
able from 2012 onward (from 2012-09-04 to 2020-05-31) via three rainfall stations
located nearby the study area (Fig. 2b). Based on those measurements, the average daily
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Fig.1 Overview of the study area. The background areal image and DEM were taken from Google Earth
and SRTM (NASA JPL 2013), respectively. Catchments are labeled by numbers. NAFZ: North Anatolian
Fault Zone
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Fig.2 Maps showing the characteristics of the study area regarding a the precipitation amounts that are
the highest of entire Turkey (Huffman et al. 2019) and b the seismic record of the area for earthquakes that
occurred after 1900 (U.S. Geological Survey 2017)

precipitation of strong events (i.e., above 0.95 quantile) is 30+ 1.5 mm, whereas the
maximum daily precipitation was received on September 24, 2017, as 176 mm.

The study area extends approximately 25 km from the coastline and within the zone,
elevation sharply increases to 3350 m from the sea level. This reflects the steep topogra-
phy in the area. The maximum slope steepness within the examined area is 72°, whereas
the average slope steepness is 29° +11°.

@ Springer



Natural Hazards (2022) 112:639-663 643

As for the seismicity, the study area has not been exposed to strong external forces
caused by earthquakes. The study area is approximately 270 km from the North Anatolian
Fault Zone (Fig. 1). The Earthquake catalog of U.S. Geological Survey (2017) shows that
in the last 100 years no earthquake (M,,>3) occurred within a buffer zone of 50 km radius
centered within the study area (Fig. 2b). The largest earthquake (M,,=6.8) occurred in
1983, approximately 120 km southeast of the study area. Except for this event, only seven
earthquakes of magnitude larger than 5.0 have occurred in the near vicinity and the closest
epicentral location is 70 km away from the study area.

Although the site is not seismically active, landslides are one of the main natural haz-
ards threatening the East Black Sea region and strong precipitation, land-use change and
road construction are the most common factors causing landslides (Reis et al. 2009; Nef-
eslioglu et al. 2011; Raja et al. 2017). Based on the fatal landslide database of Turkey
(Goriim and Fidan 2021), which includes 90-year landslide records, the majority of fatal
landslide (55.5%) occurred in the Black Sea. During the last decade, an increasing number
of road construction projects have been elevating the landslide susceptibility in the Black
Sea Region (Raja et al. 2017). In particular, within our study area, road constructions have
a significant role in landslide occurrences (Akbulut and Kurdoglu 2015). Road construc-
tion has been conducted for three main reasons: (1) to increase the accessibility to high-
lands to boost tourism in the region (Green Road project, DOKAP 2014), (2) to build a
hydroelectric power plant (HEPP) in the southern part of the study area and (3) to improve
the road network overall. Some of the roads constructed under the third category could be
indirectly associated with the first two classes because newly constructed roads may have
further stimulated the construction of others.

Among these road constructions, in particular, the HEPP project has affected the natural
course of erosional processes since 2016 (Fig. 3). Local interviews argue that explosives
were used in some parts of the road construction to facilitate the progress of the HEPP
project. This most likely weakened the shear strength of hillslope material, increasing the
landslide susceptibility of the given site and promoting the failures. In fact, the local envi-
ronmental organizations (Arhavi Doga Koruma Platformu) provided evidence to this claim
in an early 2020 report where an increased sediment content was noted in the Kamilet
River (Fig. 3).

3 Materials and method

We map both mass movements and constructed roads from 2010 to June 2020. To create
these multi-temporal inventories, we use PlanetScope (3—5 m), Rapid Eye (5 m) images
acquired from Planet Labs (Planet Team 2017) and high-resolution Google Earth scenes.
The details of the satellite images we used are presented in Table S1.

We create inventories based on the systematic examination of satellite images through
manual mapping. We delineate mass movements as polygons and also assign a point to
the crest of each polygon manually to identify some characteristics of them (i.e., slope and
minimum distance of failed material to roads). We always compare two images to map
mass movements that occurred and roads that were constructed within the examined time
window. We do not follow a fixed temporal resolution to map mass movements or roads.
In fact, we aim at using all the available cloud-free satellite images. Thus, the resulting
temporal resolution of the inventories is not fixed and actually increases after 2016, follow-
ing the increase in the number of available images. For instance, the temporal resolution of
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Kamilet river

Fig.3 Photographs showing a, b, ¢ and d the mass movements on hillslopes associated with road construc-
tions of HEPP (The photographs were taken on June 15, 2020) and (e and f) the intersection of Kamilet
and Durguna Rivers (41° 16’ 34" N and 41° 22' 32" E) where increased sediment content in Kamilet River
caused by the HEPP construction is evident (The pictures were taken in May 2020). The intersection loca-
tion presented in panel e and f is given in the lower right of the panel f (Photographs by Hasan Sitki Ozka-
zang)

our inventory is approximately one year between 2010 and 2011, whereas, after 2016, it is
much finer at up to one-month frequency (Table S1).

While mapping, we examine whether or not mass movements are associated with road
construction. For this binary labeling, we manually go through the inventory and identify
the ones having contact with roads. If the target mass movement crosses a road or is initi-
ated right under a road cut, we label the given mass movement as a human-induced one.

Overall, during the road construction project some of the excavated materials are dumped
into the river channels. The differentiation between dumped materials and human-induced
landslides is challenging. Regardless, these processes initiate additional anthropogenic sedi-
ment loads to river channels. Notably, the extra sediment load could cause river channel aggre-
gation and that could lead to an increase in the probability and severity of flooding along the
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river channel (Fan et al. 2019). This indicates that both dumped materials and human-induced
landslides appear as factors negatively affecting the natural sediment balance of a watershed
and in this regard, they are equally hazardous. Therefore, in this study, we do not differenti-
ate the dumped hillslope materials and landslides; instead, we consider them all as human-
induced mass movements.

Also, we group mass movements that occurred and roads that were constructed based on
two different criteria, namely by assigning a label describing the purpose of road construction
and the occurrence/construction time. For the former one, we examine the purpose of road
constructions and categorize them under three headings: (1) HEPP project, (2) Green Road
project and (3) others (i.e., roads constructed after 2010 for other reasons than Green road
and HEPP projects). We make interviews with local people and make use of the information
gathered from them to categorize roads. Using the same classification, we label not only roads
but also the corresponding mass movements. We also compare mass movements associated
with road constructions and the ones triggered by precipitation. We do so by examining the
occurrences of mass movements for different catchments. This allows us to better investigate
the anthropogenic influence by comparing two adjacent catchments exposed to different levels
of external disturbances caused by road construction.

For the second criterion, we label mass movements/roads using one year of fixed temporal
windows. As a result, we create 11 temporal categories that we can use to examine the evolu-
tion of both mass movements and roads from 2010 to June 2020 with one-year temporal reso-
lution. If the existing mass movements expand over time, we only map the new surface in the
examined time window.

To examine the landscape characteristics and precipitation regimes, we use Shuttle Radar
Topography Mission (SRTM) digital elevation models (approximately 30-m resolution)
(NASA JPL 2013), and the Global Precipitation Measurement (GPM), the Integrated Multi-
Satellite Retrievals (IMERG) Final Run product (Huffman et al. 2019) and rainfall data pro-
vided by the Turkish State Meteorological Service (TSMS 2020) for three stations located
nearby the study area (Fig. 2b).

Ultimately, we compare our human-induced mass movement inventory with a sample of
earthquake-induced landslide inventories, available via the U.S. Geological Survey Science-
Base platform (Schmitt et al. 2017; Tanyas et al. 2017). We make this comparison to assess
how hazardous road construction could be compared to naturally occurring landslides. For
the comparison, we examine the landslides’ size statistics, which has been used as a basis to
identify landslide-event magnitude scale (mLS) and provides a measure to quantify the sever-
ity of landslide events (Malamud et al. 2004). We calculate mLS using the code provided by
Tanyas et al. (2018). We also calculate the slope of the power-law distribution (3, power-law
exponent) that the frequency-density distribution of landslides exhibits (Guzzetti et al. 2002;
Malamud et al. 2004; Tanyas et al. 2019) using the method proposed by Clauset et al. (2009).
To estimate an earthquake magnitude for an equivalent earthquake-induced landslide inven-
tory with our human-induced one, we use the empirical relation between earthquake magni-
tude (M) and landslide-event magnitude scale (Malamud et al. 2004).

mLS = 1.29 X M — 5.65 (1)
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4 Results
4.1 Mapping of roads and landslides

We identified the roads associated with “HEPP” and “Green Road” projects (Fig. 4a)

Road construction Occurence of mass movements
Type/purpose of road Associated road type
— HEPP ° HEPP
—— Green Road e Green Road
----- Green Road (Expansion of existing roads) ° Others
—— Others e Pre-2010
— Pre-2010 o No Road

- (a) - (b)

41°20'0"N

41°15'0"N

41°10'0"N

41°20'0"N

41°15'0"N

z M
of S VR
S ' S Watershed boundary
I — ) ) .
o 5 1(I)(m et Y% Hydroelectric power plant (HEPP)
1 1 1 1 1 1
41°15'0"E 41°20'0"E 41°25'0"E 41°15'0"E 41°20'0"E 41°25'0"E

Fig. 4 Maps showing the distribution of a the roads constructed for different purposes and b the associated
landslides as well as ¢ the temporal evolution of the roads and d the associated landslides
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based on information from our local contacts and interviewees. They informed us about
other expansion work conducted along the route of the Green Road project. We could
not identify the time of these expansions, but we know the sections where the engineer-
ing work was carried out. We labeled the roads that already exist as of January 2010 as
“Pre-2010” based on our analyses of satellite scenes. We labeled the rest of the roads con-
structed after 2010 as “Others.” Based on the identified roads, we also mapped and labeled
corresponding mass movements, which are mostly characterized by shallow, rotational
slides (Fig. 4b).

To create these road and mass movement inventories, first, we mapped both roads and
mass movements associated with HEPP (Fig. 4). Mapping mass movements was particu-
larly challenging because of the short-term interactions between mass movements and
engineering activities. Specifically, local people indicated that the excavated hillslope
materials were mostly dumped into the river channels during the construction, and also
down the slope of the road cut. This may have also induced some landslides further down
the hillslope because of the additional load. Notably, this makes the identification of land-
slides difficult because the dumped hillslope materials and landslides triggered by the con-
struction are mostly mixed and have a similar appearance in satellite scenes. For instance,
Fig. 5a and b shows a segment of the road excavation conducted as part of the HEPP

Fig.5 Google Earth scenes showing the pre- and post-excavation landscape in a selected area (a—b) along
the route excavated for the HEPP project (41° 13’ 56" N and 41° 20’ 18" E). The examined segment of the
road was constructed between July 17, 2016, and September 6, 2016. Within the same period, mass move-
ments widely occurred. We also identified some mass movements enlarged between September 6, 2016,
and July 9, 2017. Another pre- and post-images (c—d) showing mass movements at a selected site (41° 15’
37" N and 41° 20’ 24" E) along the route excavated for the Green Road project. Mass movements occurred
between September 18, 2017, and May 27, 2018. The locations of these mass movements were given in the
lower right of panel (a) and (c)
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project. This satellite image clearly shows that dumped materials are mixed with landslides
triggered by road construction. We can both see mass movements that were initiated from
the upper or lower hillslopes. For the former ones, we can be sure that these are human-
induced landslides. However, for the latter cases, we cannot differentiate whether they are
solely dumped materials or human-induced landslides. In fact, most likely, their genesis is
the result of the coupled effect of both processes. Therefore, as we also stressed in Sect. 3,
we considered them all as human-induced mass movements as they are equally harmful as
anthropogenic sediment sources.

We also mapped mass movements that occurred along with the Green Road pro-
ject (Fig. 4a). Some of the mass movements occurred along existing roads, which were
expanded in relation to the Green Road project. Similar to the HEPP case, dumped
hillslope materials might also play a role in these mass movements. However, Fig. 5S¢ and
d shows that the crests of some mass movements extend backward from the road and there-
fore, we argue that there must be a mixture of both dumped materials and human-induced
mass movements if they are not purely human-induced mass movements.

Moreover, we mapped mass movements that occurred along other roads (i.e., Others)
that were excavated during the same period (Fig. 4 and Fig. S1). These are mostly second-
ary and private roads opened to access agricultural sites or houses and therefore, they were
created without the use of explosives. Consequently, excavated materials are expected to be
less compared to HEPP and Green Road, which were designed for higher traffic loads that
require a wider road section and cut.

Ultimately, we mapped landslides that occurred along the existing roads (Pre-2010)
(Fig. S2) and the ones triggered by natural agents irrespective of roads (No Road) (Fig.
S3). Precipitation is the most likely triggering factor for these landslides. However, for the
Pre-2010 case, road works should have played a crucial role in the failure mechanism by
disturbing both resisting forces against sliding and hydrological conditions. As for the No
Road case, in addition to precipitation as a triggering factor, some anthropogenic factors
might have played a role, albeit to a much lesser extent. We will elaborate on the possible
contribution of those indirect anthropogenic factors in Sect. 5.

4.2 Analyses of mass movements
We mapped 557 mass movements and a 267.2 km long road network. Overall, 33.9% of

the roads were developed during the last 11 years, for various purposes (Tables 1 and 2).
Among them, 10.8% is associated with the HEPP project and 4.4% is related to the Green

Table 1 Characteristics of different road types

Type/purpose of road Length (km) (%) Average steepness of the terrain
that the road is crossing (degree)

HEPP : 28.8 10.8 33.0

Green Road : 11.9 4.4 26.0

Green Road (Expansion of  : 30.6 11.4 22.0
existing roads)

Others : 49.9 18.7 20.0

Pre-2010 : 146.1 54.7 22.0

Total : 267.2
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Table 2 Characteristics of mass movements associated with different road types

Associated road Count (%) Total (%) Aver- Average Average minimum

type area age slope landslide size  distance of landslide to
(km?) (degree) (m?) road (m)

HEPP : 196 35 13 51 34 6396 20

Green Road : 75 13 03 13 31 4449 22

Others : 148 27 05 21 29 3230 60

Pre-2010 : 83 15 02 6.1 24 1829 41

No Road ;55 99 02 9.3 28 3453 65

Total : 557 2.5

Road project. Also, some of the existing roads have been extended in relation to the Green
Road project and this contribution refers to 11.4% of all roads in the study area. Moreover,
18.7% of the roads constructed after 2010 are not directly associated with the HEPP nor
the Green Road projects, but some indirect connections could exist (Others).

We also examined mass movements in relation to road work. Our findings show that
90.1% of them occurred after 2010 while being in immediate proximity to the roads
(Table 2). As for the cumulative area of mass movements, the anthropogenic influence
is also significant: 90.7% of total size is associated with road constructions. Roads con-
structed as part of the HEPP project have the most substantial contribution to mass move-
ment occurrences. In the study area, 1.3 km? of mass movements were solely caused by the
HEPP project, which refers to 50.6% of the total size identified in the study area. During
the last 11 years, 9.9% of mass movements occurred with no direct relationship with roads.
In terms of total size, the influence of these mass movements constitutes 9.3% of the total
area of mass movements.

This static summary is complemented below by examining the variation in both road
construction and mass movement occurrence on a temporal basis (Figs. 4c, d and 6). For
instance, we noticed a peak value in road construction in 2012 (Fig. 6a). However, the
peak in the constructions does not correspond to a significant number of mass movements.
This is mainly because of the morphologic conditions encountered through the route. In
fact, most of the roads we mapped between 2011 and 2012 are associated with roads cat-
egorized as Others (Fig. 6b). The mean slope steepness observed through these roads is
20°, which is the lowest steepness of the terrain that the road is crossing among different
construction projects (Table 1). The highest slope steepness is observed through the roads
associated with the HEPP project (33°), whereas the two other categories (i.e., Pre-2010
and Green Road) both cross relatively smooth topography compared to the HEPP project
(Table 1). Specifically, the Green Road project mainly follows the existing old road path,
which passes through ridges. Therefore, a predominant part of these roads did not require
any hillslope cut in our study area. This explains why the mass movements triggered in
response to the activities of the HEPP project gave the largest damage among different
construction projects (Table 2).

Figure 6a also shows that the total length of constructed roads per year continuously
increases between 2013 and 2019. However, the increase in the number of mass move-
ments associated with road construction does not follow the same trend with the road
constructions. The largest mass movement rates are observed between 2015 and 2019 and
this refers to the period that the HEPP project-related road constructions were carried out.
Therefore, as we stressed above, the.
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Fig.6 Plots showing the yearly variation in road constructions and mass movement occurrences from 2010
to 2020 in terms of a the number of mass movements against the entire length of constructed roads, b
the roads constructed for different purposes, ¢ the cumulative trend in total mass movement size and road
length and d the variation in rainfall regime expressed by precipitation amounts above the 0.95 quantile and
boxplots excluding outliers. Precipitation data gathered from the rainfall stations (TSMS, 2020) are avail-
able from 2012 onward

steepness of the terrain, which is quite steep along the route of the HEPP project, also
plays a major role in these observations.

The increase in the mass movement trend could also be linked to strong precipitation
(Fig. 6d). For instance, between 2015 and 2018 where high mass movement rates exist, the
study area was exposed to the strongest rainfall events of the examined period. However,
the precipitation component does not solely explain the variation in mass movement rates.
For instance, in 2014, mass movement rate is significantly lower than 2017 level, although
the amount of precipitation is quite similar to 2017 level (Fig. 6d).
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The findings presented above imply that the road construction is the main factor govern-
ing mass movement rates and precipitation could be considered as a predisposing factor
elevating its susceptibility. To elaborate on this issue, we examined the spatial distribution
of mass movements and the variation in the total mass movement population in relation to
distance to roads (Fig. 7). Our findings show that 88% of the total mass movement popula-
tion occurred within a zone bounded by a 100 m road-buffer zone. This confirms that the
increase in mass movement rate is mostly due to road constructions.

We also examined how the road constructions evolved after 2010 in each catchment
and, consequently, how this affected the occurrences of mass movements per hydrologi-
cal unit. Figure 8 shows the summary of these temporal evolutions. For this analysis, we
excluded the naturally occurring landslides. Our findings show that if there is no significant
road construction, the number of mass movements is relatively low. For instance, catch-
ments 1, 2, 3 and 4 are adjacent catchments. Among them, catchment 1 is the only hydro-
logical unit where the total length of constructed roads in the last 11 years is less than
5 km. The associated total mass movement size in catchment 1 is 0.02 km?, whereas, in the
three other catchments (2, 3 and 4), it ranges from 0.24 to 0.82 km?. We observed a similar
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Fig.7 Plots showing a the areal extent of the examined area and spatial distribution of mass movements

with respect to road buffer zones, b a closer view of mass movements and buffer zones and ¢ variation in
mass movement population and frequency of mass movements in relation to distance to roads
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Fig. 8 Figure showing the temporal evolution of both roads and mass movements within each catchment
from 2010 to June 2020. Catchments 2, 3 and 4 appear as hydrological units exposed to the highest road
construction and consequently, the largest number of mass movements

situation in catchments 5, 8§ and 9, where we identified a relatively low amount of road
constructions (< ~5 km) associated with a limited number of mass movements (Fig. 8). In
catchments 6 and 7, the total length of the road (~ 10 km) is in between two other sets we
mentioned above, but we identified 28 and 9 mass movements in these catchments. These
roads are mostly associated with the Green Road project and thus the limited number of
mass movements is most likely because of the steepness of the topography along the route
followed during the construction (Table 1).

We also compared human-induced mass movements with naturally occurred ones
in terms of slope steepness and size of mass movements. Figure 9 shows that slope
steepness of human-induced mass movements varies quite broadly compared to natu-
rally occurred landslides. Hillslopes where the slope steepness ranges from 15° to 50°
are associated with a minimum of 20 and a maximum of 100 human-induced mass
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Fig.9 The comparison of human-induced mass movements (top panel) with naturally occurring (bottom
panel) ones in terms of slope steepness and mass movement size characteristics

movements. Conversely, the frequency of naturally occurring landslides increases up
to 30° (with a minimum of five and a maximum of 15 landslides), and then sharply
decreases for steeper slopes. This large difference is undoubtedly induced by road exca-
vations performed on steep slopes, as demonstrated by the much more numerous mass
movements that occurred under anthropic disturbance. In fact, the same slope ranges
appear to be mostly stable under natural conditions. Also, there is a large difference in
average mass movement size triggered by road constructions and natural agents. The
average size of human-induced mass movements is approximately ~20,000 m? in the
steepest slopes (i.e., 55°-60°), whereas the maximum average size of naturally occur-
ring landslides is ~ 1000 m?.

To assess the consequences of human effects on mass movements, we also compared our
mass movement inventory (i.e., only the mass movements associated with road construc-
tions) with nine earthquake-induced landslide-event inventories sharing similar landslide-
event magnitude and total mass movement area. Figure 10 shows that the human-induced
mass movement inventory we mapped is compatible with landslide events triggered by
earthquakes having magnitudes varying from M,,=5.9 to M, =7.2. This observation is
made regardless of climatic and morphologic conditions.
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Fig. 10 Comparison between our human-induced mass movement inventory and nine earthquake-induced
landslide inventories. Landslide-event magnitudes were calculated based on Tanyas et al. (2018)

Among the ten examined cases, the total surface affected by landslides changes sig-
nificantly from one case to another, with many cases showing a much larger spatial
extent compared to our study site. Therefore, for a better comparison, we further inves-
tigated the landslide inventory associated with the 2013 Minxian earthquake (M;=6.6
based on the China Earthquake Network Center and M, =5.9, according to USGS),
where the extent of the region affected by landslides is equivalent to our study area.
Specifically, the earthquake occurred between Minxian and Zhangixan (in the Gansu
Province, China) on a thrust fault and triggered 2330 co-seismic landslides cover-
ing ~200 km? (Xu et al. 2014), which is also compatible with our study area where the
examined catchments cover approximately 195 km?.

The cumulated extent of all the landslide polygons associated with the Minxian
earthquake is 0.8 km?, whereas the total size of our human-induced mass movements is
2.3 km?. This shows that even the mass movements solely related to the HEPP project
(total mass movement area is 1.3 km?) can significantly surpass the total co-seismic
landslide size induced by the Minxian earthquake.

Before comparing the two inventories in terms of their size statistics, we first ana-
lyzed in terms of climatic and morphologic conditions. To collate the climatic informa-
tion, we used the 20 years (from 2000-06-01 to 2020-03-31) precipitation time series
accessed via the IMERG Final Run product, for both sites. Figure 11a shows that both
sites have similar precipitation regimes, although the precipitation is relatively higher
in our study area. Also, slope and local relief (derived from the SRTM DEM at~ 30 m)
observed in our study area indicate rougher terrain within the landslide-affected area
compared to those affected by the Minxian earthquake (Fig. 11b and c)
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Fig. 11 Plots comparing our study area with the landslide affected area of 2013 Minxian earthquake regard-
ing a precipitation amounts, b slope steepness and ¢ local relief

We recognize that the two different sites cannot be thoroughly compared, because
a much more thorough assessment should be made accounting for detailed geological,
geotechnical and hydrological data. However, on the basis of the simplified overview we
provide, we can hypothesize that if an earthquake with comparable magnitude to Minx-
ian would occur in our study area, the resultant landslide event should be more signifi-
cant because our study area is associated with higher precipitation and steeper terrain
conditions.

The comparison between the probability- and frequency-area distributions of the
human-induced mass movements we mapped and those naturally triggered by the 2013
Minxian earthquake shows that larger mass movements were triggered in our Turkish site
(Fig. 12). The power-law exponents calculated for both our inventory (f=—2.7) and the
Minxian inventory (ff=—2.3) are close to each other and align well with distributions doc-
umented in the literature. Power-law exponents of naturally occurred landslide inventories
fall in the range 1.4-3.4, with a central tendency 2.3-2.5 (Van Den Eeckhaut et al. 2007;
Stark and Guzzetti 2009; Tanyas et al. 2018).

We also calculated the magnitudes of our human-induced mass movement inventory
(mLS=3.1) and the Minxian inventory (mLS =2.4). The difference between the two cases
is consistent with our initial assumption that if a similar earthquake occurred in our study
area, it would be more hazardous. In fact, based on the empirical relation between earth-
quake magnitude (M) and landslide-event magnitude scale proposed by Malamud et al.
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(2004), the earthquake magnitude for an equivalent earthquake-induced landslide inventory
would be 6.8. This shows how destructive the anthropogenic effect on geomorphological
processes could be compared to natural processes. The destruction caused by the sediment
supply produced by the road constructions conducted in the last 11 years is compatible
with the possible effect of a theoretical earthquake with a magnitude greater than 6.0.

5 Discussion

In this study, we provide quantitative, thorough systematically mapping mass movement
rate after major road constructions in a mountainous region that is exposed to strong pre-
cipitation regimes. We specifically chose this region because seismicity does not play an
active role here and therefore, capturing the anthropogenic effect on slope stability is more
evident than in tectonically active mountainous regions such as Nepal, India or Pakistan.
In tectonically active areas, the legacy of previous earthquakes could last for a long period,
increasing the landslide susceptibility (Parker et al. 2015). In particular, after strong earth-
quakes, the elevated susceptibility is noticeable in the following years (up to nine years)
and it decreases over time (Fan et al. 2018). Consequently, in such environments, it would
be challenging to decompose the signal of earthquake legacy from anthropic disturbances.
Precipitation could also add another layer of complexity. In fact, the occurrence of a land-
slide or a population of landslides is always controlled by multiple predisposing and trig-
gering factors (e.g., geotechnical properties, hydrologic conditions, land cover, external
loads, etc.) (e.g., Jaboyedoff et al. 2018). Capturing the relative contribution of each con-
ditional factor requires not only highly detailed temporal landslide inventories—where we
can assess the exact date of occurrence of each landslide—but also quantitative measure-
ments of the predisposing factors at a given time. Notably, we lack such detailed datasets
in this paper, and this is often the case in many landslide susceptibility studies, even when
multi-temporal models are built (e.g., Guzzetti et al. 2005).
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Despite the complexity we faced and the limited temporal information on other con-
trolling factors, we could still investigate whether a relationship exists between slope
failures and anthropogenic effects. To address this issue, we made a binary classification
distinguishing human-induced and naturally occurring mass movements on the basis of
satellite images. However, in some cases, this identification was challenging, as well.
For instance, the largest landslide we mapped within the region occurred on November
7, 2016, following a strong precipitation event (Ersoy 2017). This event was a shallow
earth-slide flow that affected an area of approximately 0.2 km? within the Kirecli village
(Fig. 13). Satellite images show that the crest of the landslides is precisely aligned with
an existing road. Some parts of the road failed as a result of this landslide (Ersoy 2017).
The complexity in the interpretation arose because this landslide could also be linked
to natural landscape evolution processes. In fact, the landslide initiated at the ridge of
the slope where the susceptibility is generally higher. Thus, the shallow landslide might
have been triggered regardless of the possible influence of the road.

In such cases, we labeled mass movements as naturally occurring ones since we do
not have adequate support to argue that they are human-induced. We did this to imple-
ment a conservative approach in our analyses. However, emphasis should still be given
to the possible direct or indirect anthropogenic effects. In fact, the road could have a
direct implication by increasing the pore water pressure at the crest of the landslide.
Also, the external loads associated with traffic might be another likely contributor to the
landslide initiation. This event is a very interesting example also because of the exist-
ence of an active rock quarry approximately 3 km east. There, to dig into the slope
and collect the material explosives are commonly used. Our local contacts informed
us that some damages had been observed at houses in villages close to the quarry (i.e.,
Dikyamac, Giinesli, Dereiistii villages). Among them, the Dereiistii village is located
approximately 2.5 km northwest of the quarry, at a comparable distance to the mudflow
location (Fig. 13). Therefore, the disturbance exerted by activities related to the quarry
might have also played a role in triggering the landslide mentioned above.

A similar anthropogenic effect, if not even stronger, could also be valid for mass
movements triggered along the roads constructed as part of the HEPP project, because
of the explosives directly used to cut the hillslope. In fact, apart from hillslope cuts,
explosives have been used in the last segment of the road approaching the HEPP site.
In this section, approximately 620 m of the route passes through a tunnel. In such steep
terrain, any time a new road is constructed, the damage to the slope is almost inevi-
table unless extreme precautions are taken. This is also reported in the literature. For
instance, Froude and Petley (2018) report that from 2004 to 2016, 30% and 43% of fatal
landslides occurred in India and Nepal are associated with road constructions. In these
cases, the high landslide rates are not due to the lack of engineering solutions. In fact,
landslides triggered in response to road construction projects are a well-known issue
for both India and Nepal. The required and appropriate engineering practices neces-
sary to minimize environmental damage have already been documented (e.g., Hearn
and Shakya, 2017). The observed landslide hazard associated with road construction
is mostly due to neglected engineering solutions (Hearn and Shakya 2017). Therefore,
road construction in mountainous regions should not be envisioned unless the required
investment in road design is available (Valdiya 2014; Hearn and Shakya 2017). Notably,
the site we examined is a good example where road construction has widely damaged
the landscape, and it is clear that better precaution or stabilization investments should
have been put into practice.
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Fig. 13 PlanetScope scenes showing the pre- and post-landslide landscape of the largest landslide mapped
within the study area (41° 17" 37" N and 41° 18’ 27" E). This landslide occurred on November 7, 2016. The
location with respect to our study area is given in the upper right of the panel (b). Yellow lines in the panel
(b) and c indicate roads

6 Conclusions

In this study, we report a distinct correlation of mass movements and major road con-
structions that explicitly shows human impact on mountainous environments which are
under anthropogenic disturbance recently. Our results further suggest that slope instabili-
ties increased drastically after major service road constructions for hydroelectric power
plants and as well as other road extension works. Despite the high precipitation amounts
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in the region, naturally occurring landslides represent a minor percentage both in number
and landslide-size-characteristics when compared to the equivalent human-induced mass
movements. Regardless of the natural hillslope processes at play, the poor implementation
of engineering practices able to ensure stable slope conditions in co- and post-construction
phases not only resulted in dangerous widespread mass movements but also caused a sub-
stantial change in the sediment transport along with the river network. We could not access
enough information on the potential effects of this to quantify increases in sediment loads.
However, in the long term, the coarse nature of the material removed from the slopes could
also clog narrow river passages, potentially damming small sections of the river network
and could cause river-channel aggradation leading to flooding. Therefore, these extra sedi-
ments originating from human-induced mass movements could further induce a chain of
hazardous events, which could affect not only people living nearby but also the rich biodi-
versity of the region that needs to be protected. This actually means that all endemic-rare
plant and animal species that exist in Kamilet Valley are in danger now because of the poor
engineering practice. Specifically for our study area, the results of this work emphasize the
need to consider erosion and post-changes in hillslope processes and sediment flux that fur-
ther lead to additional threats to the local community and biodiversity in response to poor
engineering practices and any other anthropogenic disturbances.

We also stress that the impact of road construction can disturb the natural slope equilib-
rium to an extent comparable with moderate (larger than 6 M, ) earthquakes. For a seismi-
cally inactive area as we examine, this observation is crucial to understand how hazardous
the anthropogenic effects could be in terms of landsliding. Such an observation implies that
human activities can have a large, if not even dominant, impact on landscape evolution and
the natural regime of surface processes. This is part of the definition of “Anthropocene,”
an age where our society shapes nature for our purposes, frequently at the risk of damaging
ourselves.
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