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Abstract: Accurate and detailed multitemporal inventories of landslides and their process character-
ization are crucial for the evaluation of landslide hazards and the implementation of disaster risk
reduction strategies in densely-populated mountainous regions. Such investigations are, however,
rare in many regions of the tropical African highlands, where landslide research is often in its infancy
and not adapted to the local needs. Here, we have produced a comprehensive multitemporal inves-
tigation of the landslide processes in the hillslopes of Bujumbura, situated in the landslide-prone
East African Rift. We inventoried more than 1200 landslides by combining careful field investigation
and visual analysis of satellite images, very-high-resolution topographic data, and historical aerial
photographs. More than 20% of the hillslopes of the city are affected by landslides. Recent landslides
(post-1950s) are mostly shallow, triggered by rainfall, and located on the steepest slopes. The presence
of roads and river quarrying can also control their occurrence. Deep-seated landslides typically
concentrate in landscapes that have been rejuvenated through knickpoint retreat. The difference in
size distributions between old and recent deep-seated landslides suggests the long-term influence of
potentially changing slope-failure drivers. Of the deep-seated landslides, 66% are currently active,
those being mostly earthflows connected to the river system. Gully systems causing landslides are
commonly associated with the urbanization of the hillslopes. Our results provide a much more
accurate record of landslide processes and their impacts in the region than was previously available.
These insights will be useful for land management and disaster risk reduction strategies.

Keywords: landslide inventory; controlling and triggering factors; river incision; gully erosion;
historical aerial photographs; Africa

1. Introduction

The highlands of tropical Africa stand out as continental landslide hotspots where, in
addition, high population densities are typically found, frequently on the rise and com-
bined with high societal vulnerability [1-7]. Despite the frequent occurrence of landslides
and the high vulnerability of the population, these mountainous regions are less studied
in comparison to similar landscapes in other parts of the world, as is the case with many
other places in the African tropics [8-10]. In particular, comprehensive multitemporal
landslide inventories with an accurate, field-based, characterization of the processes and
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understanding of the factors explaining their occurrence remain rare [6,11,12]. Such infor-
mation is key in the context of landscape evolution understanding, hazard assessment,
and disaster risk reduction strategies [13-15]. This highly spatially-resolved local-scale
knowledge is particularly needed in densely-populated regions. However, as highlighted
by Dewitte et al. [16], several conditions challenge the collection of such information on
landslides in the tropics: (1) quick natural vegetation regeneration after a disturbance,
concealing landslide scars rapidly; (2) complex heterogeneous patterns in the landscape
due to slash-and-burn practices and shifting cultivation; and (3) deep weathering and
development of thick regolith. Furthermore, efficient data collection policies on landslide
occurrence are rarely in place [8] and field accessibility and working conditions can be, in
comparison, more difficult (e.g., [17,18]).

Understanding landslide processes in detail is complex, especially when the natural
landscape is shaped by a variety of interacting environmental factors that influence the
types and the timings of the slope instabilities, as well as their causation and triggering
conditions. Whether static or dynamic, the factors conditioning the hillslope stability only
lead to failure when an (un)favorable factor combination is encountered [15,19,20]. Inher-
ited geologic structures or slope morphology are generally considered as preconditioning
factors. Those are regarded as static components that may facilitate the action of dynamic
destabilizing factors [21,22]. Factors gradually preparing slopes for failure in the long term
are generally considered as underlying landslide causes (e.g., shear strength loss due to
weathering, climatic changes, or tectonic uplift). These are dynamic factors that typically
act over geomorphic timescales. Dynamic processes leading the hillslope to an actively
unstable state (i.e., causing a near-immediate response) are considered as triggers [21,22].
The most common dynamic triggers are changes in the slope pore-water pressure with
rainfall and earthquakes shaking [15,23] but, e.g., slope undercutting is also known to
trigger landslide failures [10]. No slope failure can, however, be attributed to a single and
definite cause—preconditioning and triggering factors acting simultaneously to define the
present stability of the slope [15]. Even though most studies describe examples where the
timing of a landslide failure is associated with a clearly defined trigger event, hillslopes can
fail without any apparent trigger [20,24]. In those cases, the slope fails through progressive
mechanisms that involve the weakening of hillslope material through time until stability
is compromised by a trigger of trivial magnitude [20,24]. Our understanding of landslide
complexity is further increased when the landscape is impacted by human activities [15,25].
Human activities play a role not only in the occurrence of new landslides, such as slope
instabilities that are associated with deforestation and the presence of roads (e.g., [16,26]),
but also in the dynamics of existing landslides (e.g., [27,28]).

Here we target the populated hillslopes of Bujumbura, a city of Burundi set in the
mountainous environment of the North Tanganyika-Kivu Rift region (and abbreviated
as the NTK Rift). Over the last few years, several studies have shown that landslides
are frequent around the city and their impacts are important [16,29-35]. However, these
studies are either too regional in their analysis; or, on the contrary, concentrate on very local
issues, in the end providing only a general overview of the issues related to landsliding in
the area. For example, Depicker et al. [35] assessed the landslide susceptibility of the NTK
Rift based on a relatively undetailed regional landslide inventory where the typology of the
slope failures was not considered. Nibigira et al. [31] focused on the dynamics of one large,
slow-moving landslide in relation to river damming and its potential for cascading flood
hazard. Therefore, it is currently impossible from these studies to draw a clear and accurate
picture of the landslide problem and the processes at play in the region of Bujumbura.

The main objective of this research is to produce a comprehensive multitemporal
landslide inventory in the populated hillslopes of the city of Bujumbura to improve the
understanding of the slope failure processes and the associated hazards. More specifically,
we aim to locate the various types of slope instabilities and to identify their timings and
their main controlling and triggering factors. We present an analysis of the processes at
play through the combination of careful field investigation and visual analysis of satellite
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images, very-high resolution topographic data, and historical aerial photographs. Specific
attention is paid to the role of human activities in landslide distribution patterns.

2. Landslide Processes in the NTK Rift and Environmental Characteristics
of Bujumbura

The NTK Rift, in which Bujumbura is located, is situated in the central section of
the western branch of the East African Rift (Figure 1a). In this region, tectonic uplift,
accompanied with seismic activity and faulting, has initiated landscape rejuvenation
through knickpoint retreat, enforcing topographic steepening [16,36-38]. This tectonic
setting, combined with a tropical climate that favors the occurrence of intense rainfall
events and deep weathering, makes the region a landslide hotspot in Africa [6,16]. It is
characterized by a large diversity of landslides of various sizes (up to tens of km?) and
ages [17,33,35,38,39]; some being much older than 10,000 years [16]. Most of the recent,
often shallow landslides (i.e., being <5 m deep) that occurred over the last decades were
triggered by rainfall; and a general link between rainfall seasonality and their occurrence
has been recently demonstrated [16,33]. During that same period, none of the observed
landslides in the region were triggered by earthquakes [16]. While we cannot exclude
that earthquakes can trigger landslides (or play a role in their occurrence), their return
period can be long and their impacts as triggering factors can be unnoticed over such a
short window of observation [16,37]. Moreover, deep-seated landslides in the region can
occur without any apparent trigger, due to the long-term evolution of preconditioning
drivers alone, such as rock weathering and regolith formation [40]. This observation has
an implication for our interpretation of the many landslides that occur in isolation.

In the NTK Rift, erosion rates due to recent shallow landslides have been observed
to be higher in the rejuvenated landscapes (i.e., actively incised and more recent) than
in the surrounding relict landscapes, upstream of the retreating knickpoints and outside
the rift shoulders [38]. This difference is mainly explained by the steeper topography in
the rejuvenated landscapes. Landslides in the rejuvenated landscapes are more abundant
but smaller. This may be a consequence of the higher levels of seismic activity that frac-
ture and weaken the slope material, and a thinner regolith thickness in the rejuvenated
landscapes [38]. Many of the recent landslides also occur along roads. There, the land-
scape drivers are sometimes highly altered (e.g., by hillslope undercutting, inadequate
drainage systems, overloading, and landfills), so that triggering conditions are met more
often [16]. Another important human disturbance in the region is associated with defor-
estation. Depicker et al. [38] showed that deforestation in the NTK Rift typically initiates
a peak in landslide occurrence that lasts approximately 15 years and increases landslide
erosion 2-8 times during that period before it eventually falls back to a level similar to
forested conditions. Quarrying of riverbeds for construction material—frequent close to
urban centers—is also impacting river systems and consequently landslide activity. This
quarrying leads to a lack of bedload with a strong alteration of the river dynamics and
an overall increase in river incision. As a consequence, riverbank oversteepening and
subsequent bank collapses often occur [16].

The city of Bujumbura is bounded by Lake Tanganyika in the west, and one of the
hilly NTK rift shoulders in the east (Figure 1a,b). It is one of the major cities of the region,
currently counting about one million inhabitants. The city is also experiencing a rapid
and sustained urban expansion that is typically uncontrolled [4]. Due to the presence of
Lake Tanganyika, this expansion is also taking place east of the city center, i.e., on the
hilly surroundings of the city. The population of Bujumbura is overall highly exposed
to hazards such as landslides because of poorly designed urban infrastructures and road
networks that often do not consider constraints from the local environmental context. Also,
local vulnerability is high and the resilience towards landslide impacts is low because
of poverty [41]. Finding safer location alternatives is often impossible for a large share
of the population because of limited financial resources. This is particularly true for the
population living in the hilly surroundings of Bujumbura, who have generally lower
standards of living and rely on small farming activities and small-scale building works.
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Alongside landslides, the city of Bujumbura is also severely impacted by gully erosion.
Sometimes also occurring as a consequence of landsliding, the interactions between land-
slides and gullies are typically complex and sometimes involve self-reinforcing feedbacks.
The presence of gully erosion on a landslide can attest to both the type of slope movement
and its level of activity [42,43]. Large gully erosion systems in which landslides are present
are identified in Bujumbura [16]. The origin of these large gullies is assumed to be partly
associated with urban infrastructures (as observed in other urban environments such as in
Kinshasa [44]). However, a comprehensive inventory is still lacking.

Analyzing the landscape, we see that the hillslopes east of the city are typically incised
by rivers flowing westward towards the city center (Figure 1b). The lower reaches of the
rivers are in the rejuvenated landscape and affected by several knickpoints. Upslope, the
rivers evolve in the relict landscape, where catchment slopes are less steep (Figure 2a). The
lithology is made of Precambrian metamorphic (gneiss, quartzites, and meta-quartzites)
and igneous rocks (granites), as well as Pleistocene rift sediments (Figure 2b). Gneiss
and rift sediments dominate the western part of the study area, while granites prevail in
the east. Meta-quartzite and quartzite are dispersed and often used for the extraction of
building materials; pegmatite bands are intercalated within gneiss and quartzite units. Rift
sediments are thick, while gneiss and granites are usually highly weathered. The region
is crossed by active faults related to the rifting dynamics [36,37]. Typically of the NTK
Rift, the climate of Bujumbura is tropical, with an average annual rainfall of 1400 mm (the
southern catchment of Bujumbura [45], with most of the precipitation occurring during the
October-May rainy season [46].
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Figure 1. Location of the study area. (a) Central portion of the western branch of the East African Rift;
(b) populated hillslopes of the city of Bujumbura with the drainage network of the main watersheds
(delineated with the grey line). The hillshade is derived from 1 Arc-Second SRTM data [47]. The road
network in violet and the national roads (NR) in red are from OpenStreetMap.

3. Data and Methods
3.1. Landslide Inventory: Types and Processes

Using ©Google Earth imagery with a limited search time per image, Depicker et al. [35]
mapped 272 landslides over the study area—these landslides being part of a regional
inventory at the scale of the NTK Rift. This inventory made a sole differentiation between
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shallow and deep-seated processes without any timing characterization. In this study, we
present a comprehensive multitemporal landslide inventory that is a significant update of
the inventory compiled by Depicker et al. [35]. Here we rely on a more careful and detailed
visual interpretation of the very high spatial resolution ©Google Earth images, in addition
combined with the analysis of historical and present orthomosaics from aerial photographs
(Table 1). The historical aerial photographs available at the Royal Museum for Central
Africa (Belgium) for the periods 1957-1959 and 1974 were also used to obtain a stereoscopic
vision of the landscape morphology. Note that the quality of the photographs is not always
optimal as they have been preserved in paper format and, in some cases, suffer from
low-quality imaging (e.g., blurring, under- and overexposure) and ageing effects [48]. A
1-m spatial resolution orthomosaic was built from the 1957-1959 photographs by applying
recent Multiview Stereo Photogrammetry (MVS) approaches [48-50] in Metashape Pro [51].
We also visually interpreted a set of products (slope angle, contour lines and hillshade) that
were derived from a 1-m very high spatial resolution Digital Elevation Model (DEM). The
DEM was built from tri-stereo Pléiades images. The photogrammetric processing (bundle
adjustment, topographic surface reconstruction, and orthorectification) was performed
in MicMac [52].

Complementary to the visual analysis of these ancillary data (Table 1), we carried out
an intensive geomorphological field investigation over the entire study area, where we
collected information on the timing of the slope failures via interviews with local farmers.
Comprehensive and systematic field surveys were carried out in June-September 2016,
September and December 2018, and January—March 2019. These data collection campaigns
complement the site-specific investigations that have been carried out in the study area
since 2014, typically after the occurrence of damaging landslides.

We used the updated Varnes’ classification [53] for defining the landslide typology. In
addition, the landslide area, depth, relative age, activity, and connection to drainage/road
lines were assessed. The landslide depth is an important element when analyzing landslide
causes and triggers; the occurrence of shallow landslides being, for instance, much more
sensitive to disturbances of the landscape surface (e.g., land use/land cover changes) and
rainfall conditions than deep-seated landslides [15]. The depth of the surface of rupture
of shallow landslides is usually defined in the range of 2-5 m [15,42]. Here, similarly to
what has already been used in the NTK Rift [16], we considered landslides to be shallow
when their estimated depth was <5 m. The distinction between shallow and deep-seated
processes was carried out from topographic data and field observation. Landslides were
classified into (i) recent, (ii) old, and (iii) very old movements following the approach
proposed by Dewitte et al. [16]. Recent landslides are all new slope failures that were not
visible on the historical aerial photographs from the 1950s, or that were visible at that time
but showed clear signs of activity. Landslides were considered active when they presented
disturbed vegetation patterns and bare soil surfaces. Field observations of tilted trees,
deformation/crack features in the displaced material, and damages to infrastructures (such
as roads and houses) are also indicators of active landslides. Landslides were classified
as old if present on the historical photographs with clear morphological features but
showed no signs of recent activity. Many earthflows fall within this category. Earthflows
are slow-moving deep-seated landslides with flow-like morphology that are known to
sometimes remain active during several decades and whose phases of activity can alternate
with periods of relative dormancy (e.g., [42]). Therefore, the fact that earthflows currently
exhibit signs of activity does not mean that they are recent. We classified landslides as
very old when they were partly (or heavily) dismantled by erosion and showed no sign of
activity. Mountain and rock slope deformations are included in this category. This type of
landslide may also have evidence of subsequent old landslides.
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Table 1. Ancillary information used in this research. RMCA: Royal Museum for Central Africa; BCG: Bureau de Centralisa-
tion Géomatique; DEM: Digital Elevation Model; N.A.: Not Applicable.

Types Year Scale and Resolution Associated Data Sources
Historical aerial 1957-1959, 1974 ~1:40,000 Landslide inventory RMCA
photographs
Orthomosaics from S
o - 1957-1959 1m Landslide inventory RMCA
historical aerial photographs
Orthomosaics from 08-09/2012 0.5m Landslide inventory BCG
aerial photographs
Satellite images 20002021 0.3t0 0.6 m Landslide inventory ©Google Earth imagery
Pléiades images 09/07/2013, 01/2016 0.5 m in pansharpened Landslide inventory Airbus

DEM Burundi

Slope angle, slope aspect,
08-09/2012 10 m hillshade, contour lines BCG
landslide inventory

DEM from (tri-)

Slope angle, slope aspect,

. 09/07/2013 Im hillshade, contour lines, This study
stereo Pléiades o
landslide inventory
News/media reports 2014-2018 N.A. Landslide impacts Medias, blogs
Geological map 2018 1:50,000 Lithology, faults [54]

3.2. Landslide Controlling and Triggering Factors

Based on earlier regional /local knowledge, we selected four variables (slope angle,
slope aspect, lithology, and the relief differentiation into rejuvenated and relict landscapes)
to analyze the controls on the spatial landslide distribution [17,32,35,38,40]. We used a
local 10-m DEM (Table 1) for calculating the two topographic derivatives (slope angle and
slope aspect) as it better grasps the environmental conditions than the 1 Arc-Second SRTM
data [47]. The high-resolution Pléiades 1-m DEM was not used as it contains too many
artefacts and would provide, even if corrected, too complex information for such a spatial
analysis [55,56].

In order to study landslides regardless of their size and to avoid problems of spatial
autocorrelation (e.g., [35,56,57]), we manually assigned an initiation point for each landslide
in its depletion zone. We then used a non-parametric x? statistical test to measure the
association between each controlling variable and the occurrence of landslides; in other
words, we investigated whether or not each controlling variable has a significant impact
on the spatial distribution of landslides (e.g., [55]). We applied a 95% level of confidence.
If a variable displayed a significant impact on landsliding (p < 0.05), we calculated the
Frequency Ratio (FR) to analyze the importance of its different classes [58]. We performed
a stratified analysis by spatial zonation according to the rejuvenated/relict landscapes, the
lithology, the differentiation between deep-seated and shallow processes, as well as the
current state of landslide activity. We identified visually the knickpoints and the limits of the
river incision waves to delineate the rejuvenated and the relict landscapes; the latter being
located in each watershed upstream of the highest knickpoint. For the lithological controls,
we analyzed only deep-seated landslide distributions. To approximate the slope conditions
prior to failure, we gave the initiation point of the deep-seated landslides an average slope
angle value derived from several points selected around the landslide head [35,56]. For a
more accurate landslide distribution analysis, we removed the mountain and rock slope
deformations from the analysis; i.e., deep-seated landslides processes that respond to
structural and geodynamics conditions that can only be constrained at a regional scale [59].
We also removed landslides in quarrying areas as well as those associated with road cuts
and recent river bank incisions as they are associated with site-specific human-induced
conditions that could not be constrained in our analysis [16]. Finally, we also excluded
landslides associated with gullies, as their environmental context is much different from
the other landslide processes. A similar stratified approach was used for the analysis of the
landslides area. This was achieved using boxplots (e.g., [60,61]).



Geosciences 2021, 11, 259 7 of 23

® Location of impacts
== R/R limit
[ Flash floods
Landslide type
[ Debris flow
I Debris/soil slide, debris avalanche, flowslide
[T Earthflow and slide - earthflow
[] Rock slide and rock avalanche
7] Mountain and rock slope deformation
Il Gully with landslide process

3°30°S

= R/R limit
— Faults

Elevation (m.a.s.l) Lithological units
<1000 : 2,";'?;
6 % iggg'iggg [ Metaquartzites
- [ Pegmatite
2 4 km = 1600-1900 2 4 KM quartites
BN ] [ 1900-2300 [ B Rift sediments

Figure 2. (a) Map of the location of the landslides inventoried in the area by type. The “R/R limit” line shows the position of
the contact between the rejuvenated (west) and the relict (east) landscapes (REJ and REL)—note the difference in landslide
density. The numbers represent the location of recent landslide events whose impacts have been assessed (see Table 3
for further details). (b) Lithological units and active faults for the study area (after [54]). White rectangles represent the
locations of Figures 5-7.

For recent landslides investigated in the field, we collected additional information
from testimonies, the Internet, and grey literature to elaborate on the potential role of
rainfall and earthquake as triggering factors. These additional data are complementary
to the analysis performed by Dewitte et al. [16], who have investigated the occurrence
of landslide-triggering earthquakes in the region for the past 60 years. This analysis was
based on the USGS earthquake data catalogue and the local KivuSNet network—the dense
seismic network implemented in the region since 2016, which contains a seismic station
in Bujumbura [62].
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4. Results
4.1. Landslides Types and Characteristics

We inventoried 1286 landslides of various types (Figures 2—4). All mapped landslides
were grouped into six categories with similar characteristics according to the mechanisms
of slope failure and the materials involved (Figure 2a and Table 2). Differentiation between
slides, flowslides, and avalanches was not always possible for older landslides, whose
fresh morphologies could not always be accurately observed. The differentiation between
mudflows and debris flows was also sometimes complex, and we have therefore considered
them all as debris flows.

— R/R limit
{22 Flash floods
Landslide depth

|5 Shallow landslide
'@ Deep-seated landslide
Landslide relative age

[ Very old

[ od

[+ ] Recent

Landslide activity

[7®] Active landslide

[ Non active landslide

0 25 S5km
—)

Figure 3. Mapped landslides classified by (a) depth, (b) relative age, and (c) level of activity. The
hillshade is from the 10-m resolution DEM (Table 1). The landslides <14,000 m? are represented with
a dot so that they are visible at the scale of the maps.
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Figure 4. Examples of landslides of the inventory. (a) Cluster of rainfall-triggered shallow debris
slides and avalanches in agricultural crops (headscarps located with white arrows). Photo taken in
January 2019 (—3.382°, 29.369°). (b) Shallow planar slide above a road. Photo taken in January 2019
(—3.355°,29.492°). (c) Recent rotational slide in regolith overlying gneiss in the relict landscape. Photo
taken in January 2019 (—3.381°, 29.494°). (d) Old and very old landslides in the Mugere catchment
area (©Google Earth, image from December 2018). White arrows locate the head of a mountain slope
deformation (—3.477°, 29.419°) while dashed lines delineate the head of two deep-seated landslides.
(e) Recent slide reactivation that occurred in 2012 in the rift sediments of the Ntahangwa catchment.
Photo taken in January 2019 (—3.380°, 29.404°). The slide is visible on the historical photograph from
the 1950s. (f) Active slide—earthflow developed on gneiss with several recent shallow secondary
landslides (white arrows) at its toe (that is eroded by the Kanyosha river). Photo taken in August
2016 (—3.432°,29.388°).

Many of the shallow landslides inventoried are relatively small debris slides and
debris avalanches (Figures 2a, 3a and 4a,b). The signatures of shallow landslide scars tend
to disappear quickly from the landscape, sometimes already after a few months. Hence, all
mapped shallow landslides have been detected in recent high-resolution satellite images
and/or in the field; their identification on the historical aerial photographs being difficult
because of their lower quality [48]. The smallest landslides observed in the field were not
visible on the satellite images either, especially when they occurred alongside road cuts or
river banks.

We saw clusters of shallow landslides occurring after heavy rainfall events (clusters of
yellow dots in Figure 3a). There, cascading processes where debris slides and avalanches
are connected to debris flows were observed. One clear example of such a cluster —and
of the related cascading events—occurred on 9 February 2014, and impacted the national
road NRI1 [33,40]. An accurate field-based inventory carried out a few weeks after the
event and further complemented by satellite image analysis allowed us to map 307 recent
shallow landslides (Figure 5). Most failures were debris slides and avalanches, many being
connected to debris flows and the river network. The material brought by these landslides
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contributed to debris-rich and kilometer-long flash floods that were associated with this
intense rainfall event. Note that a few deep-seated landslides also occurred at that time [40].
One landslide, partly associated with quarrying/mining activities and the mobilization of
tailings, was large enough to create a temporary dam on the Gasenyi River that breached
and exacerbated the flash floods, leading to dramatic impacts in the city of Bujumbura
(Figure 5c and Table 3).

Table 2. Main characteristics of the landslides and gullies inventoried. CRi: connected to river; CRo: connected to road;
R: reactivation; LR: landslide related to river bank/road cut; Tot: total; Rej: rejuvenated landscape; Rel: relict landscape;
VO: very old landslide; Re: recent landslide; DL: deep-seated landslides; SL: shallow landslides, AL: active landslides; NL:
non-active landslides; Y: yes, N: no; NA: not applicable.

Number # Area (km?) Timing Depth Activity CRi CRo
Types R IR
Tot Rej Rel Tot Rej Rel VO Old Re DL SL AL NL Y N Y N
Debris flows 10 7 3 05 051 001 0 0 10 7 3 10 0 10 0 4 6 0 0

Debris slide, debris

. 919 773 146 7.1 5.5 1.6 0 181 738 558 361 866 53 706 213 89 830 76 385
avalanche, flowslides

Earthflow and
slide—earthflows

Rock slides and
rock avalanches

64 45 19 116 89 27 0 58 6 64 0 26 38 60 4 14 50 6 0

189 142 47 382 315 67 5 138 46 189 0 124 65 183 6 29 160 0 5

Mountain and rock

¢ 11 10 1 478 315 164 11 0 0o 11 0 0 11 11 0 5 6 0 0
slope deformation
Gully with 93 83 10 19 179 007 0 38 55 54 39 79 14 62 31 15 78 0 0
landslide processes
Total 1286 1060 226 107 796 274 16 415 855 883 403 1105 181 1032 254 156 1130 82 494

Figure 5. (a) ©Google Earth image (12 March 2021) of landslides triggered by an intense rainfall event in February 2014.
Shallow and deep-seated landslides are in red and blue respectively. Note also the presence of quarries and mines (Q).
(b) Toe of a landslide dam partly associated with quarrying and mining activities that blocked the river. Photo taken in
July 2014. (c) Example of debris-rich flash flood impact in the Gasenyi River, resulting from the breaching of the upstream
landslide dam. The photo was taken a few hours after the event at around 1.5 km downstream of the point indicated by the
C arrow. (d) Debris flows with lateral sediment supply from debris avalanches. Photo taken in July 2014. (e) ©Google Earth
image (7 March 2018) of an active earthflow in contact with the Gasenyi river. (f) Toe of the earthflow and sediment supply
into the river system. Photo taken in July 2014.
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Table 3. Examples of impacts associated with landslide types. These impacts have been recorded in archive sources and/or
observed directly in the field. They are located in Figure 2a with their IDs.

Type of Landslide ID Description of the Impacts

09/02/2014: the heavy rainfall that occured in five communes in the
northern part of Bujumbura triggered many landslides, several debris
flows and related flash floods (Section 4.1, Figure 5). Key facts;

940 houses and a large market were destroyed, around 20,000 people
were made homeless, there were 64 fatalities, and damage to RN1
and other roads, bridges and electricity systems [63].

Debris flows, flash floods 1

3/2018: six fatalities in a debris slide in northern of Bujumbura
2 (Radio Isanganiro, www.isanganiro.org (accessed on 17 June 2021))
that occurred after heavy rainfall

2010: destruction of Muyira primary school, 10 houses

Debris/soil slides, debris

avalanches, flowslides 4 2010: destruction of Nyamutenderi primary school

2016: large cracks in the building of a health center above the head of

> a flowslide in the Kanyosha catchment
6 2018-2020: destruction of more than 35 houses by a flowslide in
northern Bujumbura, no fatalities
7 Complete destruction of parts of the NR7 and neighboring houses
Earthflows, slide—earthflows (Figure 6) due to the pervasive motion of two earthflows
8 2014-2016: subsidence of parts of the NR 7 at the Mile Post office 14
Rock slides, rock avalanches 9 2010: the road to the hydropower station of Mugere was destroyed by

an avalanche after heavy rainfall [30]

Incising rivers due to quarrying lead to oversteepening and
River bank collapses 10 subsequent collapse of the banks. This process is pervasive and
observed along all the rivers crossing the region

Pervasive damage to houses and infrastructures due to pervasive
Gullies with landslides processes 11 erosion processes and headcut retreat of the gullies. Most gullies
being active, this processes is observed in many places

Mountain and rock slope deformations 12 No impact recorded, nor observed in the field

Deep-seated landslides show a large range of sizes (between 106 m? and 18.4 km?)
and are present in all age categories (Figure 4c—f). The majority of these landslides are old
or very old, and all mountain and rock slope deformations belong to the latter category.
We observed 82 reactivations of old landslides (Figure 4e) that were classified as recent
and active processes. These reactivations concern 76 slides and six earthflows. Although
only 0.03% of the active landslides are earthflows, they constitute more than 34% of the
active landslide areas. Since all the earthflows were already present in the 1950s and 44%
of them are active, it shows that they can easily remain active over a timespan of several
decades. Field observation and interviews allowed us to infer ground deformation of
around 1 m/year. Other earthflows, such as that of Figure 4f, show deformation patterns
that attest to more active movements. In that case, we could certainly assume that some
parts of the landslide have displacements of several meters per year. The large majority of
the earthflows are connected to rivers; therefore, contributing actively to supply sediments
to river systems (e.g., Figure 4f, Figure 5e,f, and Figure 6b). The river reaches located
downslope of the earthflows are indeed usually debris-rich (e.g., Figure 5).

Table 3 provides example of impacts from landslides on infrastructure and people.
The landslide and flash flood event of 9 February 2014 (see Section 4.1 for the description
of the processes; Figure 5) was one of the most destructive events in the region during
the last decade. Another example of the destructive impact of landslides was observed
on the national road NR 7 (Figure 6). The original road, built between 1980 and 1984,
ran parallel with the northern side of the Kanyosha river. However, this design ignored
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the presence of numerous landslides, notably the presence of two active large earthflows.
Due to the constant damage inflicted to the road, the authorities had no option but to
abandon a section with a length of roughly three kilometers. Overall, the large earthflows
in the region are frequently associated with pervasive damages, which explains why they
are usually less inhabited compared to their surroundings. Pervasive damages are also
observed along the gully systems in the Rift sediments (Figure 7) and along some river
reaches. The impacts that we have described (Table 3) are clearly an underestimation of the
problems that the region is facing.

Debris flow

Debris/soil slide, debris avalanche, flowslide
Earthflow and slide - earthflow

Rock slide and rock avalanche

Mountain and rock slope deformation

4 - Gully with landslide process

Figure 6. Focus on a landslide impact zone on the national road NR?7. (a) Location of the NR7 in the Kanyosha watershed
with the distribution of the inventoried landslides. The current road is in yellow, the former section is in red. The hillshade
is derived from 1-m-resolution DEM built from Pléiades tri-stereo images (Table 1). (b) Zoom image of one of the active
earthflows (©Google Earth image of 05 August 2018). (¢) Damaged section of the former road NR7. Photo taken in June

2016 (—3.431°, 29.393°).

4.2. Landslide Causes and Triggers

Our data show that the slope angle is the main landslide controlling factor (Table 4).
This control is particularly important for shallow landslides. They tend to concentrate on
slopes >25° (Figure 8) and this effect is slightly more prominent in the relict landscape.
Overall, the deep-seated landslides occur on slopes with a lower steepness; yet this control
is more important for active, generally smaller, landslides. Rift sediments and gneiss are
both favorable to landslides (Figure 8k-m). These two lithologies are the dominant rocks
in the rejuvenated landscape (the Rift sediment lithology is found only in this region).
Overall, the control of slope angle is larger in these two lithologies (Figure 8n—q). Slope
aspect is not significant for the deep-seated landslides and, at this spatial scale of this study,
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a link between the presence of faults cannot be highlighted. For the active processes, a
small association is observed for south- to south-west-oriented slopes (Figure 8j).

Figure 7. Example of two gullies with landslide processes, located within a densely populated
outskirt of Bujumbura (—3.384°, 29.395°). The image sequence illustrates the rapid evolution of the
gullies and the built-up area between 1958 to 2020. (a) Historical orthomosaic from 1958; (b) recent
photo of the gully at the right (©Alexis Ciza); (c) recent photo of the large landslide that develop in
the gully at the left; (d) ©Google Earth image from 28 January 2020. The dotted lines represent the
limits of the gullies in 1958.

The study area stretches over 490 km?, of which 237 km? and 253 km? are in the
rejuvenated and relict landscapes respectively. Nearly one fifth of the study area (98.3 km?)
is affected by landslides. In addition, many landslides developed in pre-existing slope
failures. When the landslides are considered separately (i.e., without overlay), their total
cumulative area equals 107 km? (Table 2), which means that 8.7 km? of slope failures are
located within past landslides.

There is an important difference between the percentages of the land affected by
landslides in the rejuvenated (79.6 km?, 34% of the total area) and relict (27.4 km?, 11%)
landscapes. When mountain slope deformations are not considered, the landslide areas
represent 48 km? and 11 km? (23% and 5%) for the rejuvenated and relict landscapes, re-
spectively. The occurrence of deep-seated landslides is positively associated with landscape
rejuvenation (Tables 2 and 4). The total area covered by deep-seated landslides is much
larger than that of the shallow landslides (102.5 km? vs. 4.5 km?). Recent landslides cover
an area of 5.3 km?. A total 88% of this area is related to the occurrence of 458 rather large
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deep-seated landslides. Active landslides cover an area of 14.2 km?. The analysis of the
size distribution shows that landslides are larger in the rejuvenated landscape (Figure 9e).
The population differences are much larger when looking at the activity of the landslides;
active landslides being smaller whatever position in the landscape (relict/rejuvenated) or
depth is considered (Figure 9a—d). The recent landslides are smaller (Figure 9f). Most of
largest recent landslides are in the rejuvenated landscape.

Table 4. Association between the occurrence of landslides (L) and the controlling factors. DL: deep-seated landslide; SL:
shallow landslide; AL: active landslide; NL: non-active landslide; ADL: active deep-seated landslide; ASL: active shallow
landslide; RR: relief differentiation into the rejuvenated (Rej) and relict (Rel) landscapes.

Controlling Factor Landslide Types Focused Area Number of L Degrees of Freedom Chi-2 Critical Value (p = 0.05)
RR L Study area 792 1 213.2 3.8
RR DL Study area 598 1 262.8 3.8
RR? SL Study area 194 1 1 3.8
Lithology DL Study area 598 5 119.3 11.1
Lithology DL Rej. landscape 487 5 27.7 11.1
Lithology * DL Rel. landscape 111 5 8.2 11.1
Lithology AL Study area 409 5 164.4 11.1
Slope angle * NL Study area 189 5 10.6 111
Slope angle DL Study area 490 8 722 15.5
Slope angle SL Study area 194 8 3744 15.5
Slope angle L Rej. landscape 588 8 146.4 15.5
Slope angle DL Rej. landscape 487 8 76.6 15.5
Slope angle SL Rej. landscape 111 8 83.9 15.5
Slope angle DL Rel. landscape 111 8 33.7 15.5
Slope angle L Rel. landscape 204 8 166.5 15.5
Slope angle SL Rel. landscape 93 8 176.4 15.5
Slope angle DL Gneiss 332 8 54.5 15.5
Slope angle DL Granite 156 8 26.7 15.5
Slope angle DL Quartzite 64 8 34.8 15.5
Slope angle DL Rift sediments 32 7 58.9 14.1
Slope angle L Study area 792 8 231.1 15.5
Slope angle AL Study area 599 8 251 15.5
Slope angle NL Study area 193 8 45.1 15.5
Slope angle ADL Study area 409 8 208.9 15.5
Slope angle ASL Study area 190 8 5474 15.5
Slope aspect AL Study area 599 7 16.4 14.1
Slope aspect ? NL Study area 193 7 3.3 14.1

2 Landslide controlling factor not significant (level of confidence = 95%).

Gullies are mainly observed in the rejuvenated landscape (Figure 2). Gullies devel-
oping within landslides are, in general, associated with active earthflows. However, the
majority of the gullies are not a consequence of a landslide process. Such gullies are found
in the lower part of the study area at the outskirts of the city of Bujumbura within the
unconsolidated Rift sediments (Figures 2 and 7). Out of the 93 gullies mapped in this
region, 55 were initiated after the 1950s. There are 79 active gullies that show clear signs
of extension with an average headcut retreat of around 100 m over the last 70 years, the
largest retreat being >250 m. Landslides are frequent along the banks of these gullies. In
some case, gully erosion triggers relatively large slope failures (Figure 7).

Since the 1950s, both the built-up area and the road network have been largely ex-
tended, particularly over the outskirts of the city (Figure 7). The landslides that are directly
connected to the road network are typically small debris slides/avalanches/flows and
rockfalls, usually observed after a rainstorm. They are observed along road cuts as well
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as at the level of road gutters and other runoff concentration zones associated with the
impervious surfaces. Landslides are also observed along river banks (frequently of the
slide type) and at quarrying/mining sites (Figure 5). Over the last decades, the quar-
rying of river bed material has increased (in parallel with the growth of the city). As a
consequence, the sediment patterns of the rivers are heavily disturbed and so the river
flows. A wave of increased river incision is observed in many places. This leads to a local
erosion and oversteepening of the river banks, which can cause landsliding, especially in
the Rift sediments.

We inventoried four clusters of recent landslides (9 February 2014, 307 landslides;
2007, 36 landslides; 2010, 44 landslides; March 2018, 13 landslides). These (mostly shallow)
landslides were all reported as triggered by heavy rainfall. Interviews have also allowed us
to constrain the timings of the occurrence of 14 other landslides, all associated with rainfall.
However, only the timing of the most problematic occurrences could be constrained,
for most recent landslides (especially those of limited size/impacts or that occurred in
isolation), information on the timing or triggering event could not be obtained from
interviews with local residents. The timing constrained between two subsequent satellite
images in ©Google Earth shows that these landslides usually occur during the rainy
season. Concerning the potential role of earthquakes in the occurrence of landslides, no
related landslide activity was reported nor mentioned by the interviewed residents; which
corroborates the findings of Dewitte et al. [16].

5. Discussion
5.1. Landslide Inventory and Data Reliability

With an inventory of more than 1200 landslides, we have identified four times more
slope failures than the regional-scale study of Depicker et al. [35]. When compared to
the previous local studies that identified a few tens of landslides [30,32,34], the contrast
is even bigger. Such an improvement in the inventory clearly shows that with limited
means (field work, interviews, ©Google Earth images), highly spatially-explicit local-scale
knowledge can be collected. The use of historical aerial photographs was important to
further constrain the timing of the deep-seated landslides and the gullies. The access to
such photographs, provided they are existent in the first place, is more difficult, as the
institutions from which they can be obtained are not always easy to identify.

Although our inventory provides a unique dataset, it still suffers from incompleteness.
The true portion of the shallow landslides is underestimated since they tend to disappear
rather quickly after their initiation; a process that is also observed in other tropical re-
gions [6,17]. In addition, many landslides are too small to be identified in ©Google Earth.
©Google Earth imagery covers 20 years in the hillslopes of Bujumbura, with sometimes up
to 20 images over this period [38]. However, most of these images cover the last 5 years,
introducing an additional time bias in the inventory. While such a time window of 20 years
remains relatively narrow compared to what can be achieved in regions where several
covers of good quality aerial photographs are available and field work has been system-
atically conducted for many decades (e.g., [64]), our dataset of 403 shallow landslides is
robust enough to analyze the spatial patterns of the slope failures [35]. For the deep-seated
landslides, we certainly miss some of the eldest/smallest features whose morphology
is altered in time, especially with regard to the deep weathering that is present in this
tropical environment [40]. Landslides of the avalanche types, whose topographic signature
is usually less pronounced than that of the slide types, are certainly under-represented
too. Despite these issues of inventory completeness, when we consider the ancillary data
used in this research as well as the field investigations that were carried out, we can argue
that this multitemporal inventory is exhaustive and accurate enough to understand how
deep-seated landslides occur in these hillslopes.

Field observations allowed us to identify active landslides whose ground deformation
patterns were too limited to be visually mapped from ©Google Earth imagery. Yet, such
an assessment could not be carried out thoroughly everywhere in the study area and
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several active landslides were probably missed. Theoretically, further insight into slow-
moving ground deformations and the activity state of the landslides could be assessed
through radar satellite remote sensing [65], a technique that was successfully applied in the
nearby city of Bukavu [66]. However, the relative low number of natural coherent zones,
such as rock outcrops, as compared to less-weathered environments and the dominant
north—south orientation of many hillslopes, is a limiting factor for such an approach.
Furthermore, although the hillslopes are populated, the built environment is not as dense
as in Bukavu [66]. These reasons explain why a radar-based quantitative analysis of the
landslide activity has hitherto remained challenging in these hillslopes [67].

5.2. Landslide Processes: Causes and Triggers

The landscape in the hillslopes of Bujumbura is strongly dominated by mass-wasting
processes. Even when the mountain slope deformations are left apart, 12% of the landscape
is affected by landslides. Such a density is comparable to that of other highly landslide-
prone regions in different climatic settings (e.g., [64,68]). The rejuvenation of the landscape
is clearly an important driver on the occurrence of the deep-seated landslides, their density
being particularly high in that part of the landscape. The importance of knickpoint migra-
tion on the distribution of landslides is frequently highlighted in threshold hillslopes [69].
Our study clearly highlights that, even at the local level, the characterization of the land-
slide processes must consider the geomorphological context associated with the long-term
evolution of the landscape. Contrary to what is demonstrated by Depicker et al. [38] at the
scale of the NTK Rift, landscape rejuvenation does not seem to impact the size distribution
of the shallow landslides in the hillslopes of Bujumbura. This difference probably has
to be sought in the rather limited extent of our study area that does not display a large
gradient in seismic activity, while seismic fracturing of the hillslopes was identified by
Depicker et al. [38] as an important mechanism to explain differences in size distributions
between rejuvenated and relict landscapes.

The non-homogeneous distribution of rock types and their weathering throughout
the study area explains some of the differences in landslide patterns. For example, gneiss
here offers more favorable conditions for landslides than granite, which could be linked
to differences in rock mass strength. The role of gneiss was also highlighted in a similar
environment just north of the NTK Rift in the Rwenzori Mountains [17]. The seismo-
tectonic context and the variety of ages and expositions of the lithologies are factors that are
considered in differences in rock mass strength [70]. In addition, climatic weathering and
the associated development of thick regolith cannot be ignored (for example Figure 4c). The
formation of regolith can be highly depending on very local geological and topographical
conditions [40]. Earthflows are slow-moving processes that rely on the availability of
mobile material such as regolith. Their distribution and dynamics is certainly influenced
by this.

The significant difference in landslide size that is observed between active (generally
recent) and non-active deep-seated landslides (Figures 2 and 9a—d) could be because the
period of observation is too short to capture the impact of high-magnitude triggering
events such as large earthquakes [16,71]. In addition, we know that climatic conditions
have changed over the past tens of thousands of years [62,72,73]; the climate also being a
key driver acting as cause and trigger of deep-seated landslides [40,74]. It is important to
note that the size of old landslides, as exemplified for the Ikoma landslide in the neighbor
region of Bukavu in DR Congo [40], reflects a history of accumulating slope deformation
phases [75]. In other words, the actual size of an old landslide is not necessarily the
consequence of one single slope failure associated with one high-magnitude triggering
event. The numerous reactivations that we have detected in the region of Bujumbura
support this scenario of path-dependency where landslide size grows in time [76].
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deep-seated and shallow landslides; (h,i) slope angle in relict landscape respectively for deep-seated and shallow landslides;
(j) slope aspect for active landslides; (k1) lithology in study area respectively for all deep-seated and active deep-seated
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rift sediments, granite, and quartzite for deep-seated landslides. For each class, the corresponding frequency ratio (FR)

is indicated.
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Our study attests that almost all recent landslides are rainfall-triggered. This is consis-
tent with the regional analysis of Dewitte et al. and Monsieurs et al. [16,33]. These typically
small debris slides/avalanches/flows are also observed along road cuts, road gutters, and
other runoff concentration zones. Hence, these human interventions in the landscape
exacerbate the impact of rainfall on landslides. The analysis of the historical photographs
reveals that the extent of the forest in the hillslopes of Bujumbura was already limited in
the 1950s. Deforestation cannot therefore be invoked as a shallow landslide driver [16].

The uncontrolled exploitation of construction materials in river beds/banks pro-
foundly modifies rivers dynamics and morphologies. In many places, enhanced river
incision is triggering the occurrence or acceleration of landslides. Changes in surface and
subsurface hydrology associated with the extension of built-up areas, road networks, and
changes in river dynamics with a river’s exploitation is also thought to be causing the
emergence of new gullies. The rapid and continuous development of the gullies and the
associated landslide processes suggest that most of them have not yet reached equilibrium.
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Figure 9. Boxplots showing the distribution of the landslide size (m?2) with regard to landslide (L) activity in (a) the entire
study area; (b) the rejuvenated landscape (rej.), and (c) the relict landscape (rel.). (d) Boxplot comparing the distribution of
deep-seated landslide (DL) size (m?) in function of their activity in rejuvenated and relict landscape; (e) boxplot comparing

the distribution of the landslide (L) size (m?) in function of their position in the landscape (rejuvenated (rej.) or relict
landscape (rel.)); (f) boxplot comparing the distribution of landslide (L) size (m?) in function of their age. Boxplots give
lower and upper quartiles and median. The whiskers of each box represent 1.5 times the interquartile range. Outliers
beyond whiskers are shown as dots. For each boxplot, the average area X of the landslides is provided.

5.3. Landslide Impacts and Disaster Risk Reduction Strategies

Landslides and gullies are affecting infrastructures and the livelihood of many in
the region—this is not surprising considering that >20% of the study area is affected by
landslides, of which a significant portion of the processes are active. While landslides are
intrinsically a natural phenomenon, the data we collected show that human disturbances
are amplifying their occurrences and impacts. While no easy solution exists to mitigate the
impacts of landsliding, this study offers for the first time a clear overview of the extent of the
landslide phenomena in the region. The inventory of the landslides and the understanding
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gained of their mechanisms, causes, and triggers constitute the elementary—and crucial—
knowledge on which can be built disaster risk reduction strategies. We also identify the
zones that are currently the most problematic and the areas that could be impacted by
the reactivation of existing instable slopes. The information provided here is also crucial
for any further investigation of the evolution of the landscape and the dangers it offers.
As such, this study provides a first step towards an improvement of the management of
the landscape and the design of disaster risk reduction strategies. Ideally such strategies
should not only consider the direct impacts of landslides, such as those we highlighted
here, but also the indirect impacts (soil degradation, water quality of the river systems,
lake sedimentation, and biodiversity loss, etc.).

6. Conclusions

In this work, we aimed at characterizing and better understanding landslides in the
populated hillslopes around Bujumbura. We show that this region is highly landslide-
prone, with >20% of the landscape being affected by various slope failures. This is similar
to some of the highest landslide-prone regions in different climatic settings. We recorded a
multitemporal inventory containing 1286 landslides and gullies with landslides categorized
as active and non-active; old /very old, and recent; shallow, and large deep-seated processes.
Our data show that most recent landslides, i.e., landslides that have occurred since the
1950s, are relatively small, shallow slope failures. These landslides, commonly debris
slides and debris avalanches, are favored by the steepest slopes and typically triggered
by heavy rainfall. For the largest rainfall events, clusters of co-occurring landslides are
observed with the presence of cascading processes that lead to the formation of debris
flows. Shallow landslides can be influenced by interactions with the road network and
the quarrying of the rivers. The deep-seated landslides are the most important by area
covered; they are controlled by the lithology and the weathering of rocks and mostly occur
in the rejuvenated landscape. The larger size of the old deep-seated landslides suggest that
they could be related to high-magnitude triggering events, such as earthquakes, that were
not captured during our observation window. The changing climatic conditions over the
past thousands of years could also explain this size difference. However, the presence of
many reactivations also shows that the increasing size of the landslides through time is a
common process that does not need to call for extreme and/or changing environmental
conditions. Earthflows are amongst the deep-seated processes, the slope failures that show
the most evident signs of activity. They are commonly connected to the river system and
contribute significantly as sediment supplier. Most gullies are active. Apart from those
that are associated with the dynamics of the earthflows, they have a strong association
with the urban development of the region, and their development is a common trigger of
landslides. The active landslides/gullies can be highly destructive and cause loss of human
life. Regular registration of landslides and predictive studies can be envisaged to better
understand the landslide mechanism and evolution in this populated area of Burundi. This
study shows that despite the paucity of landslide data collection policy in the region and
the absence of an existing database, the combination of basic inventory approaches with
remote sensing-based data and fieldwork allowed us to build a robust dataset to better
understand the processes at play. This will hopefully help in the implementation of future
management and disaster risk reduction strategies in the region.
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