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Abstract. The number of deaths from landslides in Nepal has been increasing dramatically due to a complex
combination of earthquakes, climate change, and an explosion of road construction. We compare the distribution of
landslides in Sindhupalchok district before the 2015 Gorkha Earthquake with those generated by the earthquake to
demonstrate that landslides are more than twice as likely to occur near a road than a random distribution. Based on
20 this finding, geoscientists, planners and policymakers must consider how development needs overlap with physical
(and ecological), socio-political and economic factors to generate risk in exposed communities.

1. Introduction

25 On 29 and 30 July 2015, during the first monsoon season following the Mw=7.8 Gorkha earthquake, landslides
triggered by a dramatic cloudburst killed 29 people in Nepal’s Western Region (BBC, 2015). These deadly
landslides and many others like them are not solely the result of intensified rainfall associated with climate change
(Bharti et al., 2016), but a complex intersection of socio-economic factors with a highly-altered physical landscape
where non-engineered roads regularly fail during the annual monsoon season. This problem will become more acute

30 as China’s “One Belt, One Road” initiative seeks to link an expanded trade network to markets in Nepal, India and
beyond via a series of trans-Himalayan corridors with very complex geomorphic processes (Bhushal, 2017). This
expanded transportation network will further alter the surrounding landscapes as villages seek to link to these lines
with roads constructed and maintained with severely limited resources.

35 Many villages in the Middle Hills region of rural Nepal are connected by simple footpaths. As the nation continues
its development trajectory, communities hire heavy machinery (funded in large part by remittances) to expand these
pathways into vehicular roads for better access markets, educational opportunities, and healthcare. The resulting
non-engineered roads often create landslides by undercutting slopes, providing pathways for water to seep into
potential slide planes, and producing debris that is easily mobilised during heavy rainfall (e.g. Sidle et al., 2006).

40 Disruption of transportation networks that bring much needed goods and serves to and from rural communities,
damage to agricultural lands in regions where subsistence farming is the norm, and the scores of deaths that occur
every year all act to counter sought after developmental gains.

To better understand the link between geologic hazards and development, we examine the relationship between

45 roads and landslides Sindhupalchok district of Central Nepal (Fig. 1). Sindhupalchok was heavily impacted by the
2015 Gorkha earthquake- over 95% of the houses were severely damaged and over a third of the deaths occurred
here (ReliefWeb, 2017). The earthquake generated over 7,000 co-seismic landslides in this district (Gnyawali and
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Adhikari, 2017), many of which intersect rural roads. Furthermore, infrastructure along one of the main trunk roads
that links China and Kathmandu was severely damaged, resulting in the closure of the border crossing which has not
been reopened as of this writing. By comparing the spatial distribution of landslides generated by the earthquake
with those from the previous monsoon season with the emergent roads network, we can better understand the role of
roads in generating landslides.

The distribution of more than 19,000 landslides generated by the Gorkha earthquake is similar to that generated by
other earthquakes- the primary controls are related to rupture location and direction and peak ground acceleration, as
well as the physical characteristics of the topography including slope, aspect and curvature (Gnyawali and
Adhikari, 2017). In Sindhupalchok, the 7,091 landslides are correlated with soil type, where most landslides occur
in the better developed humic cambisols than in the eutric regosols that occur in higher, more arid zones
(Dijkshoorn and Huting, 2009; Fig. 1a). Because the humic cambisols better support agriculture, most of the
roads are also located in this zone.

2. Methods

Using the distribution of the earthquake-generated landslide areas, we ran a Monte Carlo simulation that distributed
7,091 landslides randomly over the cambisol zone to determine if there is a correlation with the roads. Using the
existing road network (OpenStreetMap Contributors, 2017), we created buffers at 50 m intervals normal to the
road, and counted the number of landslides that intersect the buffer at a given distance (Fig. 1b). If more
earthquake-generated landslides occur closer to the roads than the random distribution, then it would suggest that the
existence of the roads predisposed the landscape to failure during strong shaking. If, however, the coseismic
landslides match the random, then the presence of roads has little effect on earthquake-generated landslide risk.

In addition to checking the earthquake-generated landslides with a random distribution, we also did the same for
recent landslides that were present before 2015, presumably generated by monsoon rainfall. We have mapped 139
landslides in the cambisol soil type in Sindhupalchok district with a not too dissimilar area distribution as the co-
seismic landslides. Using the same Monte Carlo simulation, we used the area histogram of these slides to create a
random distribution over the landscape and counted the number of landslides at the various distances from the roads.

The randomly generated slides from both the co-seismic and rainfall triggered landslides together along with the
actual landslides generated by the earthquake, showing that 20-25% occur within 100 m of a road (Fig. 2). The
landslides that predate the earthquake, however, are more than twice as likely to have occurred near a road, where
47% of slides occur within 100 m of a road. The percentages of both classes of landslides increases predictably as
the buffer distance from the road increases.
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Figure 1. Roads and landslides in Sindhupalchok district, Nepal. (a) The Arniko Highway that runs between
Kathmandu and Kodari at the Chinese border was heavily impacted by the 2015 Gorkha earthquake. The red

polygons mark the location of landslides generated during the earthquake, and the blue polygons were the landslides

that occurred during the monsoon season before the earthquake (2014). Most landslides correspond with the humic
90  cambisol soil type as mapped by Dijkshoorn and Huting (2009). (b) Along all the roads in the study area, we
placed buffers at 50 m intervals to determine the number of landslides within a given distance from the road.
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Figure 2. Roads and Landslides, Sindhupalchok District, Nepal. The grey lines represent the number of randomly-
located landslides that are a given distance from a road, whereas the red line represents the distances earthquake-
generated landslides (n=7,091) are from road, and the blue line the distance of monsoon-generated landslides
(n=139) are from roads. These data demonstrate that roads are a significant generator of landslides.

3. Discussion

In the late 1970’s, the fraction of landslides associated with roads in Nepal was 5% of the total number of slides, and
at that time the land surface covered by roads was, “infinitesimally small” (Laban, 1979). As road networks
continued to increase, it was predicted that the number of associated landslides would increase drastically, especially
if more careful construction methods were not implemented, hindering the nation’s development trajectory,
jeopardising the well-being of its inhabitants. The data presented here confirm that roads significantly increase the
likelihood of landsliding, and if the quality of road construction does not improve, losses will increase significantly
as development continues.

The evolution of Nepal’s road network and subsequent increase in landslide risk has occurred in a complex socio-
ecological and physical environment marked by a rapidly changing climate that is producing more intense rainfall
events during the monsoon (Bharti et al., 2016) and geopolitical upheaval that increased vulnerability during the
1996-2006 Maoist insurgency. The political climate leading up to the late 1970’s was becoming tense due to rural
Nepal’s, “semi-colonial experience”, that supported, “forced stagnation in production and productivity”, eventually
precipitating the 10-year long uprising (Basnett, 2009). The instability associated with the rebellion resulted in a
stagnation of foreign direct investment (FDI) which averaged $7.5 M USD per year during the revolt to $53 M per
year between 2007 and 2016 (2016 dollars; World Bank, 2017). Thisincrease in FDI helped fund a 55% increase in
the length of the road network from 19,150 km to 27,120 km (MoF, 2016). While these government-funded roads
are designed by engineers, the concern lies with the informal earthen and gravel roads that seek to tie into these-
prior to the insurgency, these rural roads represented a third of the total, yet now with the much expanded network,
represent over half the roads in Nepal (MoF, 2016).
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The One Belt, One Road initiative fits well with the Nepali government’s long-term development strategy to
promote road development (Murton, 2016, The Economist, 2017). With the onus of construction and maintenance
of rural roads in the hands of local communities and politicians, scarce funds needed for road maintenance compete
with the need for investment in other sectors. Leibundgut et al. (2016) found that the economic impact of rural
roads around Phewa Lake, Kaski district of western Nepal amounted to $117,287 USD/year in maintenance costs,
forecasted to rise to $192,000 USD/year by 2030 with the current rate of road construction.

While the number of deaths from landslides that occurred during the insurgency dropped from 146 deaths/year to
130 deaths/year in the years following, there are on average 9.4 additional deaths occurring each year despite the
number of landslides dropping at a rate of 9.6 fewer landslides each year (Deslnventar, 2017). This suggests that
while the overall vulnerability has dropped, the population is still at risk as road networks continue to expand into
fragile, highly vulnerable territory where fewer landslides are killing more people. As more communities attempt to
improve their standards of living by tying into these transportation networks, and without proper funds dedicated to
maintenance, the financial and human losses will continue to mount.

4. Conclusions

Landslides in the Anthropocene are no longer simply a function of geomorphology and climate, and in Nepal, roads
are changing the equation. Better engineered roads will lead to more sustainable economic development, but these
roads come with a price. As FDI aids construction, maintenance costs fall on impoverished communities who must
decide between access and basic services. Green solutions such as plantings on metastable hillslopes are more
economically sustainable and can be implemented by community members with minimal training. There is little
that can be done to control the climate, but economically feasible and environmentally sound interventions will
reduce losses in resources and lives.
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