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constructions in the Rio Lucma catchment,
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Abstract: Extensive road construction works recently took place in the remote eastern
part of the Peruvian Cordillera Blanca, aiming at a better connection of isolated mountain
communities with regional administrative centres. Here we document and characterize
landslides associated with these road construction efforts in the Rio Lucma catchment,
Peru. We show that a total area of 321,332 m’ has been affected by landslides along
the 471 km of roads constructed between 2015 and 2018. While landslides downslope
the roads (48.2%) and complex landslides crossing the roads (46.4%) were the most
frequent landslide types in relation to the position of the road; slide-type movement
(60.7%) prevails over the flow-type movement (39.3%). Timewise, we found that 75.0%
of landslides were observed simultaneously with road construction work, while the
remaining 25.0% occurred up to seven months after the roads had been constructed.
We plotted the lagged occurrence of these subsequent landslides against precipitation
data, showing that 85.7% of them were observed during the wet season (November to
April). We conclude that the majority of mapped landslides were directly associated
with road constructions and that the road constructions also may set preconditions for
landslides, which mainly occurred during the subsequent wet season.

Key words: Cordillera Blanca, natural hazards, landslides, road construction, remote
sensing, object-based image analysis (OBIA).

INTRODUCTION

Landslides are among the most common as well
as the most researched natural hazards globally
(Emmer 2018). They are particularly common in
mountainous areas with high relief topography
(Froude & Petley 2018, NASA 2020). In the
Peruvian Andes, landslides claimed lives and
caused tremendous infrastructure damages in
the past (Evans et al. 2009, DesInventar 2019). The
occurrence of landslides in the Peruvian Andes
is often associated with increased precipitation
during the wet season and El Nino forcing
(Klime$ & Vilimek 2011, Vilimek et al. 2016), with
earthquakes (Cluff 1971, Keefer 2002, Evans et

al. 2009, Mergili et al. 2018b), or with glacier
retreat and degrading permafrost (Klimes et al.
2016, Haeberli et al. 2017, Emmer et al. 2020).
Landslides in this region were also documented
to initiate far-reaching process chains such as
glacial lake outburst floods (GLOFs) (Emmer
2017, Mergili et al. 2018a).

Apart from natural triggers, also human
activities are responsible or set preconditions
for the occurrence of landslides across the
globe. For instance, Gill & Malamud (2017)
and Goudie (2020) listed many examples of
human activities-driven acceleration of natural
processes, preconditioning and triggering of
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mass movements, including vegetation removal
(Runyan & D'Odorico 2014, Pineda et al. 2016),
loading additional weight onto slopes (Wang et
al. 2011, 2020), changing groundwater conditions
(Ho et al. 2013, Cigna et al. 2015), and excavating
the base of the slopes (Stark et al. 2005, Peng et
al. 2019).

Meeting most of these factors, landslides
associated with road construction works in
high mountain regions are frequently observed
and have been a subject of scientific studies
for decades (e.g. Swanson & Dryness 1975, Sidle
et al. 2011) as well as recently (e.g. Sudmeier-
Rieux et al. 2019, Taylor et al. 2020). Road
construction works can also set preconditions
for increased subsequent landslide activity,
as, for example, described by McAdoo et al.
(2018), who concluded that likely twice as many
rainfall-triggered landslides occur in areas close
to poorly constructed roads as it would be
the case without roads. Information about the
frequency and distribution of landslides along
main roads is vital for better characterizing and
understanding the impact that landslides may
have on the population and assets in remote
regions (Amatya et al. 2019). In the Peruvian
Andes, such landslides are common, yet poorly
documented and under-researched.

The main objectives of this study are: (i)
to map and document landslides associated
with road construction works in the Rio Lucma
catchment; (ii) to describe and explore different
types of landslides, morphometrical statistics
and the timing of occurrence in relation to road
construction and season of the year. Combining
these findings, we test the hypothesis that the
road construction sets preconditions for slope
movements, which are later on triggered by
precipitations.

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

STUDY AREA

The Rio Lucma catchment (77°22'-77°35" W,
8°53'-8°57" S; Fig. 1) is located on the eastern
side of the Cordillera Blanca - the highest
Peruvian mountain range - and covers an area
of approximately 127 km?” According to the
111,000,000 geological map of Peru (IGM 1975),
the study area predominantly consists of
sedimentary marine facies of Cretaceous age
(Chicama and Lagunillas formations) with locally
placed facies of continental origin. Plutonic
rocks (Cordillera Blanca batholith) form the
upper part of the valley. A NW-SE oriented fault
runs through the middle part of the valley, being
perpendicular to the valley streamline (parallel
to the main Rio Pomabamba valley). According
to the nationwide mapping of susceptibility
to mass movements (INGEMMET 2010), the
susceptibility of the study area is ranked very
high (the highest susceptibility class), referring
to the occurrence of slopes with fault zones,
masses of intensely weathered, saturated
and highly fractured rocks with unfavourable
discontinuities, and unconsolidated deposits.
The Rio Lucma flows in roughly west-to-
east direction and is the right-sided tributary of
the Rio Pomabamba, which is a part of the Rio
Maranon (Amazon) basin. The closest SENAMHI
(Servicio Nacional de Meteorologia e Hidrologia
del Per) hydrometeorological stations are
located in Pomabamba and Piscobamba, i.e.
approximately 9 km and 4 km away from the
Rio Lucma catchment, respectively. The stations
have an average rainfall of 1169 mm/year, 80%
of it corresponding to the wet or rainy season
(i.e. November to April). The very upper parts
of the catchment are covered by glaciers
(Taulliraju, 5,830 m a.s.l.) and form a part of the
Huascaran National Park, while the lowest point
is the confluence of the Rio Lucma with the
Rio Pomabamba (2,500 m a.s..). The elevation
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R Figure 1. The study area of
| ~— grzmsberad | the Rio Lucma catchment.
i a) shows the location of
| the study area in Peru;
b) shows the Rio Lucma
catchment, the road
network (as of June 2018)
and the location of the
main villages; c) shows a
view into the middle part
~| of the Rio Lucma valley
(red arrows highlight
= recently constructed
roads); d) shows a view

© village £
2

difference of more than 3,300 m in combination
with the lithological and structural geological
settings make this area generally susceptible to
gravitational mass movements, with numerous
historical as well as recent landslides observable
inthe field. One of the largest ancient landslides
dammed the Lake Huacrucocha, located in the
middle part of the valley (Tacconi-Stefanelli et
al. 2018).

The northern part of the Rio Lucma basin
belongs to the Pomabamba administrative
district, while the southern part belongs to
the Mariscal Luzuriaga administrative district,
Ancash region. Apart from the largest village,
Lucma, several small villages (e.g. Asuac, Atapac,
Seccha) and numerous farms and single houses
are located within the catchment (see Fig. 1) up
to an elevation of about 4,000 m a.s.l. Many of
these remote settlements - especially those

to the east of the study
area (red arrows highlight
recently constructed
roads).

located in the middle and upper part of the
valley - are still not accessible by car today.
Recent development efforts, however, have
resulted in a construction ‘boom’ in the study
area since early 2010s. Predominantly, simple
unpaved roads have been constructed in order
to connect these settlements to each other as
well as to larger regional centers such as Lucma
and Pomabamba. Despite being located in a
high relief landslide-prone area, these roads
are rarely equipped with any kind of drainage or
landslide mitigation measures.

MATERIALS AND METHODS

Data and analysis workflow

The workflow of this study consists of several
consecutive steps and a two-level analysis:
(i) a detailed analysis in three areas of interest
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(AQls), i.e. parts of the whole study area selected
due to the high concentration of landslides;
and (ii) a wider analysis covering the whole
study area. Landslides within the three AOls
were manually mapped (see Manual landslide
mapping), described in detail and analyzed
in relation to rainfall data (see Rainfall data
analysis). A visual inspection of daily satellite
imagery was performed to estimate the date of
landslide occurrence. For mapping landslides
in the whole study area, we employed a semi-
automated OBIA approach and assessed its
performance (see Object-based image analysis
(OBIA) for landslide mapping).

In this study, we integrated field data
and satellite images to manually and semi-
automatically map the landslides. A field
survey was performed in June 2019, aiming
at reconnaissance, mapping and photo
documentation of landslides along recently
constructed roads in the study area with a
special focus on three AOls. We used very high
resolution (VHR) remotely sensed optical images
available in Google Earth Pro (Google Inc. 2022)
and multispectral PlanetScope and RapidEye-2
images from Planet Labs Inc. (Planet Team
2019), covering the time period from June 2015
to July 2018. The remote sensing data used for
semi-automated landslide identification with
object-based image analysis (OBIA) are listed in
Table I. In addition to multispectral imagery, the
ALOS PALSAR DEM with 12.5 m resolution (ASF

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

DAAC 2015) and the derived slope were used as
ancillary data for landslide detection.

Manual landslide mapping

First, we used recent VHR images available in
Google Earth (image acquisition in July 2018) to
manually map the complete road network, since
no up-to-date map is publicly available at the
date of the study. We used QGIS Version 3.10
A Coruna - a free and open source geographic
information system (https://qgis.org/) — for
the mapping. Subsequently, the sections of
roads which have been constructed since 2015
were identified. Then, three AOIs were defined,
in which we manually mapped landslides
associated with road construction efforts.
For this step, the visual interpretation of VHR
images was combined with field documentation.
We described manually delimited landslides by
several quantitative characteristics, e.g. area,
elevation of the headscarp and deposition, reach
(in m and in °), and qualitative characteristics,
e.g. movement type (flow vs. slide), type of
release and deposition zone in relation to the
road location (Fig. 2), etc. Movement type is
distinguished based on the morphometrical
characteristics of mapped landslides (flow-
type movement is defined as prolong-shaped
landslide with length to width ratio > 3; see Table
I1). A complete list of characteristics assigned to
each landslide within the three AOIs is shown
in Table Il. Among the other characteristics, the
timing of occurrence (i.e. the period between

Table I. Remote sensing data used for semi-automated landslide identification.

Sensor Acquisition Date Spatial Resolution Bands/Beam Mode
RapidEye-2 21.06.2015 5 meters Red, Green, Blue, Red Edge, Near Infrared
0110.2017
PlanetScope 3 meters Red, Green, Blue, Near Infrared
28.07.2018
ALOS-1 PALSAR RTC 2010.2010 12.5 meters Fine Beam Dual Polarization (FBD)
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road construction and landslide occurrence)
was determined for each landslide, based on
the visual inspection of daily scenes of VHR
imagery available on the Planet Explorer online
tool. The daily scenes included imagery between
January 2017 and July 2018. We compared results
of manual mapping to OBIA results in the three
AQls (see Object-based image analysis (OBIA)
for landslide mapping). The manual mapping
served as reference data. Producer’s and user’s
accuracies were calculated based on the amount
of overlapping area between the classifications.

Object-based image analysis (OBIA) for
landslide mapping

OBIA has been successfully used for the
identification of land surface changes and
landslides in diverse geographical settings
(e.g. Lahousse et al. 2011, Stumpf & Kerle 2011,
Holbling et al. 2012, 2015, 2016a, 2017, Martha et
al. 2012, Heleno et al. 2016, Amatya et al. 2019).
OBIA provides a set of advanced tools for semi-
automated landslide detection based on remote
sensing data, relying on the concepts of image
segmentation and classification and allowing
the use of a range of spectral, spatial, textural
and contextual properties of image objects

cl)

a) b)
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\ slope
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. detachment zone
landslide deposition
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during the classification process (e.g. Blaschke
et al. 2014, Holbling et al. 2017).

We employed OBIA to semi-automatically
map the landslides next to roads in the whole
study area using the eCognition (Trimble)
software. We applied the multiresolution
segmentation algorithm (Baatz & Schape 2000),
a bottom-up region merging technique, to
create image objects that served as a basis for
the classification. Segmentation was performed
individually on the PlanetScope images from
0110.2017 and 28.07.2018, while the same bands
(red, green, blue, near-infrared) and parameters
(scale parameter: 400; shape: 0.6; compactness:
0.1) were used. The parameters and thresholds
for segmentation and classification were
determined based on expert knowledge and
visualassessment. Forthe detection of landslides
caused by road construction, we considered
changes in the values of spectral indices (i.e.
Normalized Difference Vegetation Index (NDVI),
Modified Soil-adjusted Vegetation Index (MSAVI),
brightness) perimage object between RapidEye-2
from 21.06.2015 and PlanetScope from 0110.2017
and between the two PlanetScope images from
01.10.2017 and 28.07.2018, respectively. New
landslides appear brighter and show relatively
low NDVI and MSAVI values, thus, landslide

\ d1)
AN

Figure 2. Schematic types of release
and deposition zones (in relation
to the road location) distinguished
in this study. a) shows the initial
state before the construction of
the road and b) shows the initial
state after the construction of

the road; c) shows pre-failure
conditions and d) shows post-failure
states. Landslides onto the road

(1), landslides downslope the road
(2) and complex landslides (3) are
distinguished.
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candidates could be classified accordingly.
While the same classification parameters were
applied for mapping landslides based on the
2017 and 2018 images, the thresholds were
slightly adapted due to the different acquisition
times and because new landslides in 2017 were
identified by comparing images from different
satellite sensors. By additionally using a slope
threshold of > 15 °© and considering contextual
characteristics (i.e. overlap of landslide and road
features), the semi-automated classification was
refined, and only landslides next to roads were
identified. Finally, after merging the classified
landslide objects, small (<150 m?2) features were
eliminated. Following this approach, we were
able to identify the landslides triggered by road
construction during two periods: from June 2015
to September 2017 and from October 2017 to July
2018.

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

Rainfall data analysis

We acquired, processed and analyzed daily
rainfall data for the “POMABAMBA" and
“PISCOBAMBA II" SENAMHI stations to reveal
the possible relationship between rainfall
and the occurrence of landslides. While these
stations are not located directly in the Lucma
catchment but within a distance of 4 and 9
km, respectively, data from these two stations
were the best available. The rainfall data from
both stations were used to determine wet and
dry periods. Additionally, we calculated daily
rainfall on the day of landslide occurrence, and
cumulative rainfall (for 3, 5, 10, 14, and 30 days)
before landslide occurrence, for each manually
delineated landslide. The temporal coverage of
the rainfall data did not cover the study period
for the “PISCOBAMBA 11" station and therefore
only daily rainfall from “POMABAMBA” was used

Table Il. Attributes assigned to each of the manually identified landslides in the three areas of interest.

Attribute Description Units Data
Location Longitude and latll;unddesfi)géhe centroid of the 05 oW Derived automatically
Head scarp elevation | The elevation of the highest point of the landslide | m as.L Derived automatically
Deposition elevation The elevation of the lowest point of the landslide m a.s.l Derived automatically
Area affected by the landslide (including 2 . )
Area affected detachment, transport and deposition zones) m Derived automatically
A distance between the head scarp and the lowest . .
Reach (m) reach of landslide deposition m Derived automatically
Vertical difference between the head scarp
Vertical difference elevation and the elevation of the lowest reach of m Derived automatically
landslide deposition (Deposition elevation)
Reach (°) A mean slope calculated from Vertical difference o Calculated
and Reach (m) automatically
Type Distinction between ‘flow’ and ‘slide’ type* - Assigned manually
deReégﬁfgna;Sjne Distinction between: (i) landslide onto the road;
aepost (i) landslide downslope the road; and (iii) complex - Assigned manually
(in relation to road landslide ( Fig. 2)
location) andslide (see Fig.
Occurrence Time period beﬁ‘g’ﬁg;fgﬁ %C;Sgeesst pre- and post- rg?\;ee Assigned manually
Timing of occurrence Time period between road construction and the Days Assigned manually

occurrence of landslides

* - flow type landslide is defined as a landslide where the length to width ratio is > 3.

An Acad Bras Cienc (2022) 94(Suppl. 3) €20211352 6 | 16



ADAM EMMER et al.

for this analysis. These rainfall values were
analyzed according to the time of occurrence of
the landslide (i.e. whether the landslide and the
new road had been observed at the same time,
or the landslide was observed after new road
construction), and the statistical differences
were evaluated using a nonparametric Wilcoxon
rank-sum test (significance level: 5%; Helsel &
Hirsch 1993). The nonparametric Wilcoxon rank-
sum test was used because the data did not
follow a normal distribution. We also referred
to the Coastal El Nifio Index (ICEN) to determine
the EL Nifo-Southern Oscillation (ENSO) phase.
The ICEN is a 3-month running mean of sea
temperature anomalies on the Nino 1+2 region,
which is commonly used to determine ENSO
phases for the Peruvian coast (Takahashi et al.
2014).

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

RESULTS

Landslides along the recently constructed
roads in the Rio Lucma catchment

Field morphological evidence corroborates that
the Rio Lucma catchment has been a subject of
landsliding in the past. In this work, we show
that many recent landslides are associated
with the road construction efforts taking place
in the region (see examples in Fig. 3). A total of
105.8 km of car-accessible roads was mapped
in the Rio Lucma catchment (as of June 2018),
of which 471 km (44.5%) have been constructed
since June 2015. A total of 56 landslides with
a total area of 321,332 m” have been mapped
(see Table SI - Supplementary Material) along
the newly constructed road sections (i.e. road
sections constructed since June 2015). The area
of individual landslides (including detachment,
transport, and depositional zone) varies from
248 m” (ID_42) to 40,587 m” (ID_56), while the

Figure 3. Examples of landslides

associated with recent road construction
works in the Rio Lucma catchment. a)
% shows several landslides onto the newly
| constructed road near Asuac (AOI_3);
1| note the detail of the landslide-prone
| structural-geological setting. These
! landslides are interpreted as partial
{ reactivations of larger complex slope
deformation in this area. b) shows a crack
#88 and detached part of the road which is

= likely to fail (landslide downslope the
road) near the Nifio Rajra bridge; typical
landslide-prone, nearly vertical up to
10 m high, non-mitigated slopes formed
by unstable sediments are captured
in the left part of the image. c) shows
two landslides affecting parts of newly
constructed roads on the northern
| side of the Lucma river (AOI_3). d)
shows a downslope view on a recently
| constructed road section and deposition
| area of a flow-type movement in AOI_2.
All images were taken by Adam Emmer in
June 2019.
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average size is 5,738 m’ and the medium size
3,030 m’. The head scarps (detachment zones)
are located at elevations ranging from 3,670
m a.s.l. (ID_41) to 3,948 m a.s.l. (ID_16) and the
depositions are located in between 3,545 m a.s.l.
(ID_43) and 3,876 m a.s.l. (ID_15).

Landslides downslope the roads were the
most frequent (48.2%), followed by complex
landslides (starting above the road and
continuing downslope the road; 46.4%) while
three landslides (5.4%) are characterized as
landslides onto the road. While landslides onto
the road are interpreted to occur in association
with the excavation of the base of the slope,
landslides downslope the road are interpreted
to occur in association with increased load
and shaking induced by passing cars, and
possibly with changed soil moisture conditions
(increased water infiltration into the slope due to
rainfall; see Occurrence of landslides in relation
to road construction and rainfall in three AQIs).
As for the movement types, we classify 60.7%
of detected landslides as slides and 39.3% as
flows. Some of the landslides are thought to
occur as a result of partial reactivation of slope
movements in areas of existing complex slope
deformations (see Fig. 3a).

By using OBIA, we successfully identified 47
out of the 56 manually mapped landslides in
the three AOIs, with 20 out of 29 in AOI_1, 11 out

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

of 11 landslides identified in AOI_2 and 16 out
of 16 landslides in AOI_3 (see Table II). When
comparing the overlapping area, the overall
producer’s accuracy is 60.5%, varying from 49.0%
(AOI_3) to 87.8% (AOI_2) and the overall user's
accuracy is 49.5 %, varying from 42.5% (AOI_2)
to 64.4% (AOI_3). By analyzing the the whole
study area with OBIA, we identified a total area
of 882,459 m” affected by landslides associated
with recent road constructions (see Fig. 4),
whereby 583,137 m? were mapped on the 2017
PlanetScope image, i.e. new landslides compared
to the RapidEye image from 2015, and 299,322 m?
were mapped on the 2018 PlanetScope image,
i.e. new landslides compared to the PlanetScope
image from 2017. By July 2018, 14.3 km (i.e.
approximately 30%) of the newly constructed
roads have been affected by landslides in the
whole study area.

Occurrence of landslides in relation to road
construction and rainfall in three AOIs

During visual inspection of daily VHR
PlanetScope imagery in the Planet Explore
online platform for each of the 56 manually
delimited landslides, we observed in 42 cases
(75.0%) that the landslide and the newly
constructed road appear for the first time in
the same VHR image, which implies that they
likely occurred on the same day or immediately

Table Ill. Comparison of object-based image analysis (OBIA) and manual mapping results per area of interest (AOI)

and accuracy values.

AOI1 AOI 2 AOI 3 Overall
OBIA mapping (m2) 174,024 115,299 102,609 | 391,932
Manual mapping (m2) 130,546 55,845 134940 | 321,332
Difference OBIA - Manual mapping (%) 33.30 106.46 -23.96 21.97
Overlap area (m2) 79,220 49,034 66,09 | 194,363
Producer’s accuracy (%) 60.68 87.80 4899 60.49
User's accuracy (%) 4552 42.53 64.43 49.59
Manual mapping (No. of landslides) 29 N 16 56
No. of manually mapped landslides coinciding with OBIA mapping 20 1 16 47
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after the road construction. However, due to the
identical morphological appearance, we cannot
completely exclude the possibility that some of
the downslope deposited landslides, which are
observed to occur immediately after the road
construction, are downslope depositions of
surplus material removed and deposited by the
workers during the construction works.

For the remaining 14 cases (25.0%), two
landslides (3.6%) were identified in imagery
acquired within one week after the road
construction was observed, four (7.1%) within
two to four weeks, and eight (14.3%) between two
and seven months after the road construction
(see Fig. 5). Road construction seemed to be
a preconditioning factor for the triggering of
these landslides, however, their exact trigger is

D Landslide (manual mapping)

Landslide 2017 (OBIA)
I anasiide 2018 (OBIA)

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

difficult to determine. We attempted to link the
occurrence of these 14 landslides with rainfall
accumulation interpolated for each landslide
location, however, the available data from two
nearby-located meteorological stations were not
sufficientto performareliable localinterpolation
of rainfall for the study area. Nevertheless, the
information from the meteorological stations
allowed us to conclude that 12 landslides
occurred during the wet season (November to
April), while only two occurred during the dry
season (May to October). Based on the ICEN, the
period between November 2017 and March 2018
presented an ENSO strong cool phase or “La
Nina” period. “La Nina” is associated with higher
precipitation in the higher mountains (Vuille
& Keimig 2004, Romero et al. 2007). During this

Figure 4. Mapped landslides

d along the recently constructed
roads. a) shows the landslides
mapped with OBIA in the whole
study area and indicates the

4| location of the three AOls.

| The PlanetScope image from
28.07.2018 is shown in the
background. b) shows the
manual and OBIA mapping
results in the three AOIs ((i), (ii),
(iii)) and the PlanetScope image

Road 2015
Road 2018
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time, road construction progressed significantly,
leading to 23 (411%) of the observed landslides.
Ten of them (17.9%) were observed between one
week and five months after road construction.
Fig. 6 indicates the relationship between
daily rainfall registered at the “POMABAMBA”
station and cumulative rainfall for landslides
observed at the same time as the road was
constructed, and for landslides detected after
road construction. Daily rainfall registered on
the day of landslide occurrence does not show

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

significant differences between landslides
observed concurrently to road construction,
and those observed after the road had been
constructed (Fig. 6a). This implies that landslides
observed at the same time as road construction
were actually triggered by these works. Likewise,
there is no significant difference between
cumulative rainfall registered 3, 5, 10, and 30 days
before landslide occurrence when comparing
the landslides observed during and after road
construction. Only cumulative rainfall 14 days
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Figure 5. Rainfall and the occurrence of landslides in the three AOIs. a) indicates the daily rainfall recorded by the
two closest SENAMHI meteorological stations, the ENSO Cool Phase “La Nifia” period is highlighted in yellow. b)
indicates the occurrence of landslides per AOI. The size of the circle represents the number of landslides, while
the colour represents the time difference between landslide occurrence and road construction. The landslide
occurrence and road construction dates refer to the first time the landslide or the new road, respectively, was
observed on VHR imagery. Road construction dates are marked at the top and bottom of the graph.
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before the landslide occurrence seems to be
higher (statistically significant with a p-value <
0.05) for those landslides registered after road
construction (Fig. 6e). Thus, we infer that a two-
week cumulative rainfall might have triggered
these landslides. It is worth noting that the
landslide occurrence day refers to the first time
the landslide was observed on VHR imagery,
hence, this analysis should be interpreted with
care.In addition, other factors like soil saturation
and dry spells could influence the occurrence
of landslides, however, the two meteorological
stations did not provide enough information to
derive such parameters.

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

DISCUSSION
OBIA vs. manual mapping of landslides

Visual interpretation of aerial or satellite images
and manual mapping of landslides is generally
more accurate than semi-automated methods,
but it is a very time-consuming process. Any
mapping task for large areas would likely benefit
from a degree of automation with the potential
to reduce the time and effort for creating
landslide maps (Holbling et al. 20164, b). Thus,
we decided to manually map landslides next to
roads in three identified focus areas, and then
to perform a large-scale mapping by employing
an OBIA approach.

Visual interpretation shows advantages
over OBIA for delineating single landslides and
for splitting up compound landslide complexes

B Landslide and new road observed simultaneously E=3 Landslide observed after new road construction

Daily rainfall on 3-day cumulative rainfall 5-day cumulative rainfall
. landslide occurrence day 20 before landslide occurrence before landslide occurrence
12.
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a) P b) P . c) Preez |
10.0 .
.o s 30
7.5 . .
10+ ) -{ °
. 20 . .
5.0 .
251 °1 o . 109 * -
o e e
£ 004 01 0 d [ .
S
= 10-day cumulative rainfall 14-day cumulative rainfall 30-day cumulative rainfall
€ before landslide occurrence before landslide occurrence before landslide occurrence
© * L] -
14 d) p = 0.066 e) p=0037" | 2oo-f) p=0.18
90+ 1001 ’ . ‘e
oo 1501 °
[ . .
60+ y . o ° ° °
. . o 100 0
L] 50- ¢ L] °
30 ! . [ 50 "
3 . . L]
L] . (] .
04 .+" ¢ . 04 - o | e 04 . .

Figure 6. Daily rainfall and cumulative rainfall relation for landslides and road construction observed
simultaneously and landslides observed after the new road construction. a) shows the difference per group

for the daily rainfall on the day of landslide occurrence, b) for the 3-day cumulative rainfall before landslide
occurrence, c) for 5-day cumulative rainfall, d) for 10-day cumulative rainfall, e) 14-day cumulative rainfall, and f)
for 30-day cumulative rainfall. The p-value indicates the significance level of the Wilcoxon rank-sum test (p-value
< 5% marked with *). The landslide occurrence and road construction dates refer to the first time the landslide or

the new road, respectively, was observed on VHR imagery.
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into separate landslides (Holbling et al. 2016a),
as well as for deriving qualitative characteristics.
Manual mapping allowed us to identify the
number of landslides in the focus areas and
to interpret and classify them according to
movement types. The expert knowledge needed
for deriving such information is difficult to
implement in automated mapping workflows.

The accuracy of our OBIA landslide mapping
is acceptable but moderate in terms of the
overlap area. It is important to mention that
additional data sources (Google Earth Pro
imagery, field documentation) were considered
for manual mapping compared to the OBIA
mapping. This probably influences the accuracy
values. However, we were able to successfully
detect the majority of landslides in the three
focus areas. Thus, we applied OBIA to map
landslides in the whole study area. Despite the
limitations of the semi-automated method, such
as the potential concurrent identification of
natural (e.g. landslides) and man-made changes
(e.g. constructions) due to similar spectral
properties, it is faster and more transparent
than manual mapping. Some problems in the
OBIA mapping can be associated with shadow
areas, which did not allow to semi-automatically
detect all new landslides since no significant
spectral changes associated with landslide
activity could be identified (see, for example, the
large complex landslide in AOI (iii) in Fig. 4b that
was mapped manually but missed using OBIA).

The OBIA results for the whole Lucma area
give a good overview of road sections that have
been predominantly affected by landslides.
Providing information about landslides affecting
roads over large areas can be helpful to support
the targeted planning of road maintenance and
reconstruction efforts. Moreover, since the OBIA
results can be produced quickly, they might
be particularly valuable for rapid information
provision.

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

Damages caused, landslide mitigation and
post-landslide recovery

Landslides associated with road constructions
usually do not directly cause fatalities or
extreme infrastructure damages, considering
their magnitude, dynamics and the sporadic
presence of tangible assets in the study area.
Most of the damages are, therefore, related
to the roads themselves. However, landslide-
associated disruptions of the road infrastructure
network may cause secondary impacts such as
goods supply problems and the limited ability
of inhabitants to travel for work, educational or
medical purposes.

The roads in the study area are mainly
designed and built without any landslide
mitigation measures (see Fig. 3b). On the other
hand, such constructions are fast, cheap and
easy to repair at the same time. Since there
is no option to take a detour of a landslide-
affected road, maintenance and repair actions
have to take place immediately. During the
field campaign, we eye-witnessed spontaneous
post-landslide recovery actions. In case of a
landslide onto the road, the deposited material
was removed using manpower (for smaller
depositions) or heavy machinery in case of
larger depositions. In the case of a landslide
downslope the road, a narrowed part of the
road was simply widened by further excavation
of the base of the slope. In exceptional cases of
complex and large landslides, alternative road
sections have been built at several locations
to bypass landslide-affected areas (see the
example of the unfinished road section in AOI_3
which was severely affected by landslides, so
that it had to be bypassed, Fig. 7).

In general, we observed that the majority of
mapped landslides are directly (e.g. landslides
resulting from slope undercutting) or indirectly
associated with road constructions (e.g. rainfall-
induced landslides resulting from a combination
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of extreme precipitation over slopes with
decreased stability). It is likely that construction
work also sets a precondition for rainfall-
induced landslides in the Rio Lucma catchment,
however, further investigations and additional
data would be needed to prove this assumption
rigorously. Two-week cumulative rainfall and “La
Nina” cool-phase seemed to have an influence
on the number of landslides triggered after road
construction, which matches observations from
other Andean regions (Naranjo Bedoya et al.
2019).

CONCLUSIONS

Our study demonstrates how road construction
efforts that took place in the high mountain
Rio Lucma catchment in the Peruvian Cordillera
Blanca are associated with numerous landslides.
Our findings reveal a fast reaction of slopes to
this anthropogenic forcing, with most of the
landslides occurring during or immediately
after the road construction. Our observations
corroborate that a considerable number of

ROAD CONSTRUCTION-INDUCED LANDSLIDES IN PERU

Figure 7. Aerial view of a subpart
of AOI_1 with an example of

| aroad constructed to bypass

a road section affected by
landslides. Image: CNES / Airbus,
1 22.6.2018 (available from Google
. Earth collection; Google Inc.
2022).

c?n'”_sutruc\
detolrid

new landslides may be associated with road
constructions in landslide-prone areas and
partial reactivations of existing landslide
complexes on the one hand (see Fig. 3a) and the
absence of any landslide mitigation measures
along with road construction on the other hand
(see Fig. 3b). While road construction in this
geographical environment and socioeconomic
context is undoubtedly a challenging task,
better understanding mechanisms, timing and
processes behind the occurrence of landslides
may help to outline enhanced risk reduction
and sustainable development strategies.
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