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Abstract: Like many other lakes in the world, the interconnected Abaya and Chamo lakes in the
Southern Main Ethiopian Rift are affected by rapid sediment accumulation. Although land degrada-
tion is a well-known issue in this part of the African continent, the main sediment sources, their spatial
distribution and interaction in the Abaya—Chamo lakes’ basin have not yet been documented. Here,
we present a systematic inventory, characterization, and spatial analysis of landslides and gullies
as concentrated sediment sources, for four representative river catchments impacted by landscape
rejuvenation. Using Google Earth imagery and field surveys, we mapped with high accuracy a total
of 7336 gullies and 430 landslides. Recent landslides observed during the last decade were few,
small and shallow, and appear to have played a minor role in the current sediment dynamics. Large
landslides are old and inactive. Although they do not contribute to the current sediment budget,
they contribute indirectly to landscape dynamics by favoring the occurrence of gullies. Overall,
large percentages of severe to extremely degraded areas of gully erosion are located in rejuvenated
landscapes, especially at the level of the old landslides. Many active gullies are connected to the river
network, as such acting as the source of sediment. Our analysis is a step towards understanding the
nature and control of anthropic activities on sediment production in the region. We also highlight
the importance of considering the interactions between sediment sources and the connectivity of the
geomorphological system.

Keywords: gully erosion; landslide; river incision; connectivity; knickpoint; Africa

1. Introduction

Lakes are vital in preserving regional environmental and ecological functions and
services [1-3]. However, these functions have been declining, especially in lower-middle-
income and low-income countries due to rapid population growth that has accelerated
land degradation, increasing sediment delivery to lakes [4,5]. Sedimentation caused by
soil erosion significantly reduces the original storage capacity of many lakes. Each year
throughout the world, 1-2% of the existing storage volume of reservoirs are lost due to
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sedimentation [4]. Despite the problem of sedimentation, many lakes remain unstudied
and the role of different land degradation processes in contributing to the sedimentation
are often hypothetical.

Excessive sediment load caused by soil erosion in the catchment are one of the main
environmental threats that East African lakes are facing [6]. Because of various human-
induced impacts, the shallow lakes of the Main Ethiopian Rift are recognized as the most
fragile inland waters in Ethiopia [7]. For example, Lake Hawassa in the central Main
Ethiopian Rift, has lost 4% of its storage capacity in a decade, due to sedimentation [8].

The catchments of lakes Abaya and Chamo are located in the Southern Main Ethiopian
Rift. The area is characterized by severe land degradation resulting in soil erosion in
the highlands and sediment accumulation in the lakes [9,10]. The increased sediment
deposition rate in Lake Abaya since the 1970s resulted in water level rise and decline in
water quality [11]. Preliminary field assessments indicated that concentrated sediment
sources, dissecting the land and impacting agricultural production in the catchments of the
two lakes, are predominantly gullies and landslides [10,12-14]. However, little information
exists for their distribution and influence on Abaya and Chamo.

Gully erosion is a geomorphological process that plays a key role in land degradation by
increasing landscape connectivity, transferring runoff and sediments [15,16]. Gullies are highly
sensitive to rainfall intensity [17] and land use/land cover (LULC) conditions [18], with gully
erosion shown to be a main source of sediment in various environments [16,19,20]. Landslides
also act as important erosional processes, providing sediment to rivers in mountainous
catchments [19-21]. Landslides are usually triggered by intense or prolonged rainfall and/or
seismic activity [22,23]. Shallow landslides (rupture depth less than a couple of meters) are very
sensitive to LULC conditions [22,24]. Although the triggering conditions of the two processes
are frequently different, landslides and gullies often share similar environmental controls
and can often reinforce each other. During development, gullies often cause slope instability
processes on their banks [25], or contribute to the reactivation of landslides [26]. Alternatively,
landslides change hillslope morphology as well as the hydrological and mechanical properties
of the displaced material, often favoring gully formation within the displaced bodies or along
their edges [20,27].

The formation and evolution of a tectonic rift is associated with uplift of the rift shoul-
der and the presence of normal faults and escarpments, e.g., [28,29]. Such tectonic forcing
induces a river incision response that is commonly associated with retreating knickpoints,
which form the boundary between downstream “rejuvenated” landscapes that are being
actively incised, and upstream “relict” landscapes, i.e., terrains with gentler slopes that are
not yet affected by the base-level fall and experience little or no river incision. Knickpoint
migration upstream rejuvenates the landscape and enforces topographic steepening. These
oversteepened hillslopes offer conditions that are commonly more unstable and prone to
bedrock landsides [30,31]. Landscape rejuvenation and landslides thus influence regolith
availability, impacting gully occurrence [32-37].

The goal of our research is to characterize the importance of gully erosion and land-
slides as sediment sources, and their potential interactions in the catchments of lakes Abaya
and Chamo that have developed in a rifting context. More specifically, a systematic inven-
tory and characterization was conducted for four river catchments on the western border of
the Southern Main Ethiopian Rift. Very high spatial resolution satellite information made
available by Google Earth imagery was used to conduct a regional-scale inventory that
was validated through targeted field surveys. The spatial concentration of these sediment
sources was analyzed and interpreted through quantitative comparison with potential
controlling factors at a sub-catchment scale.

2. Materials and Methods
2.1. Study Area

Lake Abaya and Lake Chamo are located within the Southern Main Ethiopian Rift
(Figure 1). Both lakes are hydrologically interconnected, Lake Abaya flowing towards Lake
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Chamo. The brownish color of the waters of Lake Abaya (Figure 1A) is evidence of sediment
accumulation [11]. The fact that Lake Chamo seems less disturbed must be nuanced as part
of its inflow waters come from Lake Abaya, i.e., waters that have been filtered through the
swamps and forested areas that connect the two bodies. Our study focuses on four river
catchments of similar size (~200-230 kmz), the Shafe and Basso draining to Lake Abaya,
and the Sile and Elgo draining to Lake Chamo. This study excludes the flatter alluvial
fans, the lacustrine deposits and the central depression of the Elgo catchment (Figure 1).
Those catchments were selected as being representative of the small and steep catchments
draining the western shoulder of the rift, displaying large gradients in elevation, lithology,
LULC and tectonic influence as well as various levels of land degradation. The topography
of the studied catchments is characterized by plateaus to the west, transitioning into an
eastward-dipping slope marked by sharp topographic escarpments (Figure 1). Indeed, the
terrain is characterized by a series of parallel normal faults creating sharp changes in slope
across the catchments [28,38]. Similarly to what has been shown by [39] in the Central Main
Ethiopian Rift, we assume that these faults are the origin of knickpoints that contribute to
the formation of river disequilibrium. With an elevation difference >2500 m, the influence
of topography on local climate, soil, vegetation, and settlement patterns is evident in the
catchments from the rift floor to the highlands [40].
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Figure 1. Location of the study area. (A) Lakes Abaya and Chamo within the Main Ethiopian Rift
(blue arrows). The contrasting sediment patterns between the two lakes can also be visualized. The
red line delineates the lakes’ basin. (B) Shafe and Basso, draining to Lake Abaya, and (C) Sile and
Elgo, draining to Lake Chamo. Pink polygons with the dots represent the flatter areas excluded from
the analysis. Background imagery is from Google Earth (15 June 2020).

The Abaya-Chamo lakes’ basin, as part of the Main Ethiopian Rift, was formed
by graben subsidence associated with tectonic extension and volcanic activity since the
Miocene [28,38]. The geology of the study area is dominated by intrusive and extrusive
igneous rocks, including basalts and trachyte lava flows (BTL), as well as lava flows and
ignimbrite of trachytic to rhyolitic composition (ITR). Extended Holocene fluvial (fans) and
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lacustrine deposits cover the bottom of the rift valley [9]. Unconsolidated sedimentary
material are also found along rivers. The major soil types identified in the area are Vertisols,
Nitisols, Fluvisols, and Cambisols [41]. Nitisols and Cambisols are the dominant soil
types [42].

The catchments are characterized by a tropical savanna climate [43] with two wet sea-
sons end of March to mid-June, and mid-September to late November [44]. Meteorological
conditions are highly dependent on elevation in the area, influenced by a combination
of synoptic and local circulations that lead to high variability in the temperature, clouds,
and precipitation patterns [40,45]. The average annual rainfall varies from ~800 mm in
the lowlands to ~1000 mm in the highlands [46]. The main LULC types identified in the
area are agricultural land, bare land, rangeland and forest land. LULC map of the year
2019 shows that, agriculture, being the main income-generating activity, dominates the
landscape (i.e., 31%).

2.2. Data and Methods

Gully and landslide inventory maps are required to investigate the distribution of
these sediment sources and the landscape characteristics associated with their occurrence.
Different mapping methods, from field work to satellite images, can be used to create
gully and landslide inventory maps [47-50]. Here, we used Google Earth imagery [24,51],
which provides very-high (<1 m) spatial resolution images for our study area. We used
satellite images acquired mainly in 2016-2019. Geomorphological field mapping was used
extensively for validation.

The contribution of gullies to the sediment budget depends on their activity status,
which determines how quickly their geometry evolves, the amount of sediment produced
and delivered downstream and their associated impacts [52]. Gully activity was constrained
from Google Earth imagery as active, partially active and inactive [52,53]. A gully is
considered as active if it shows signs of active erosion, i.e., bare gully walls and bed, and/or
fresh sediments deposited in the lower parts of the gully. An inactive gully is covered by
dense vegetation and assumed not to produce much sediment currently. Partially active
gully is an intermediate between active and inactive gully. Similarly, landslides are classified
as active [54,55] when they present disturbed vegetation patterns and bare soil surfaces
on an image. For the deep-seated landslides, the presence of fresh and sharply defined
features such as steep headwall and flanks, and hummocky slopes are also indicators
of active mass movements, independent of the vegetation disturbance. Inactive and old
landsides are either fully vegetated or they can be partly (or heavily) dismantled by erosion.
Finally, connection of the gullies and landslides to the river system is also an essential factor
controlling the delivery of sediment to the lowlands [21,56]. A gully and/or landslide is
considered to be connected to a river if its lower part is directly along a riverbed, and not
connected if the sediments are deposited in fans away from the river network.

Remote sensing inventories need to be validated through ground truthing [48]. The
mapped gullies and landslides were thus verified using handheld GPS along transects, over
three months in 2018 and 2019. Transects were conducted in 30% of the sub-catchments
over a total length of 308 km.

The gully and landslide inventories were then analyzed to understand factors control-
ling their occurrence and spatial distribution. Most of the gully analyses were conducted
at sub-catchment scale, i.e., catchment of the first-order streams. The sub-catchments are
hydrological regions, between drainage and divide lines. They were automatically derived
from 1 arcsec (30 m) resolution Shuttle Radar Topography Mission digital elevation model
(SRTM DEM) based on flow accumulation thresholds and minimum surface area [57,58].
A total of 277 sub-catchments ranging from one to 17 km? were delineated, dividing the
four catchments into 55-81 geomorphological units. Gully length density (abbreviated as
GLD), in km of gully length per km?, was computed for each subcatchment, excluding
sub-catchments with no gullies. Using previous GLD classifications [59-61], we denote
areas having GLD >5 km km 2 as extremely degraded, 2.5-5 (very severely degraded),
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1-2.5 (severely degraded), 0.5-1 (moderately to severely degraded), 0.1-0.5 (moderately
degraded), and <0.1 km km~2 as not degraded. The influence of potential controlling
factors on the occurrence of gullies was analyzed by considering their spatial variation
relative to the GLD at sub-catchment scale. The potential controlling factors considered for
landslides and gullies are associated with:

e The nature of the topography: knickpoints and landscape rejuvenation, elevation,
slope angle, distance to river, and the presence of landslides;

e  The nature of the lithology and the regolith: obtaining information on the spatial
distribution of the regolith, its nature and its depth can be challenging [35,62,63]. Here,
we used information on the lithology and soil properties as proxy, together with the
relative age of the topography inferred from presence of landscape rejuvenation.

e  The anthropogenic factors: LULC and its dynamics, population density, and road density.

To identify the locations of knickpoints, we utilized TopoToolbox’s automatized algo-
rithm [64] on SRTM DEM of the catchments from USGS Earth Explorer data, assuming a
1 km? drainage area threshold for channel initiation. Following [24], we distinguish knick-
points from background topographic variation using the maximum difference between
the 10th and 90th percentile of relief in smoothed river profiles within each subcatchment.
These knickpoints were used to separate the rejuvenated (i.e., zones situated at elevation
between the main faults and the knickpoints that propagated upward from it) and relict
(i.e., zones above the knickpoint or downward from the main faults) landscapes [24]. The
SRTM data was also used for the extraction of elevation and slope angle. The lithologies
of Shafe and Basso were digitized from the 1:250,000 geological map produced by the
Geological Survey of Ethiopia [65], whereas lithology of Sile and Elgo were mapped using
fieldwork. Soil texture was extracted from the Africa Soil Information Service (AfSIS) soil
grids database with 250 m spatial resolution [66]. LULC maps for the four river catchments
were produced using supervised spectral classification for the years 1986, 2003 and 2019
using data from Landsat 5, 7 and 8, respectively. Overall, the LULC classification accuracy
(~90%) and kappa (~0.87) statistics showed excellent agreement between remote sensing
imagery and the ground reference data [67]. Population data for the year 2020 from the
93 kebeles (the most local administrative level) that cover the study catchments were used
to compute population density for each sub-catchment. Population density (# km~2) of
each sub-catchment was computed by estimating the sub-catchment population based
on an area-weighted sum of the population contribution of the different kebeles covering
the sub-catchment, assuming homogeneous distribution of population, and dividing by
total area (km?) of the sub-catchment. The road network was mapped using Google Earth
imagery and field experience, and then road length density computed. The gully number
density within and outside the landslides were compared to infer on the interaction be-
tween landslides and gullies. As such, the presence of landslides was used as a potential
controlling factor of the distribution of the gullies. This analysis was not carried out at a
sub-catchment scale.

3. Results
3.1. Inventory, Spatial Distribution and Characteristics of Gullies

Ground control points were collected for 538 gullies using GPS. Gullies identified in
the field showed no major deviation from the Google Earth inventory, with an accuracy of
96%. The few false negative and false positive were attributed to gullies of very limited size
(<1 m wide), with dense vegetation cover, and/or limited contrast between the gullies and
the surrounding surface on some images available in Google Earth. In total, the inventory
built from Google Earth imagery across the four studied catchments contains 7336 gullies
(Figure 2). The gullies are distributed across 215 of the 277 sub-catchments. Gullies are
mainly found in the upper and central parts of the Shafe, in the midlands of the Sile and
scattered around the central Dembele depression in the Elgo catchment. About 50% of all
mapped gullies were identified in Shafe where they are highly concentrated (Table 1). In
contrast, gullies are much less frequent in the neighboring Basso, except for one deeply
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incised sub-catchment in its northern border. Gullies are totally absent from the flatter
lowlands and the central depression of the Elgo, (i.e., areas of mean slope angle <5°).
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Figure 2. Gully inventory (A,B) and the corresponding GLD for all (C,D) and only active (E,F) gullies.
The densities are represented at the level of the sub-catchments. The hillshade in (A,B) is from the
30 m SRTM DEM [68]. Background imagery is from Google Earth (15 June 2020).



Geosciences 2022, 12, 274 7 of 28
Table 1. Summary of the characteristics of gullies per river catchment.
Gully Characteristics Shafe Basso Sile Elgo
Total area of the catchment (km?) 205 209 231 226
Total number of gullies (#) 3640 823 1748 1125
Total gully length (km) 716 121 366 228
Maximum gully length (km) 2.4 21 21 2.0
Mean gully length (km) 0.2 0.1 0.2 0.2
GLD for all gullies (km km~—2) 35 0.6 1.6 1.0
Active 63 65 38 53
Gully status (%) PZZEilely 14 23 53 28
Inactive 23 12 9 19
Gullies connected to a road (%) 9 6 18 25
Gullies active and connected to road (%) 44 33 7.9 13.2
Gullies active and connected to river (%) 15 29 21 26

Of all the gullies mapped in the study area, 56% are considered as active, this propor-
tion being larger in the Basso (>60%, Table 1), than in the other three catchments. Of the
active gullies, 20% are directly connected to the river system. Connections of the gullies to
the river network are more common in the Sile (Table 1, Appendix A Figure Al).

High contrasts in GLD are observed across the sub-catchments (Figure 2): the highest
GLD computed in the highland sub-catchments of Shafe for all gullies (10.6 km km~2) is
1.6 times higher than the highest GLD values recorded for Sile sub-catchments. The GLD
of the study area is 1.6 km km 2, indicating that a significant proportion of the area is
severely degraded. According to the GLD classification [59-61], 54% of our study area can
be categorized as severely to extremely degraded, 41% as moderately and moderately to
severely degraded, and only 5% has a low degradation level.

Even when considering only active gullies, 29% of the study area is still characterized
by severe to extreme degradation and 57% by moderate and moderate to severe degradation,
highlighting that gully erosion is currently a significant and widespread erosion process in
the study area. With its higher fraction of active gullies, the Shafe catchment (i.e., 53% of
the area classified as severely to extremely degraded considering only active gullies) stands
out even more, relative to the three other catchments, when considering only active gullies.
As the average length of gullies is similar between catchments, a similar spatial contrast
is obtained when considering the number of gullies per km? instead of their length. The
average number of gullies per km? in the area is 10.

3.2. Inventory, Spatial Distribution and Characteristics of Landslides

Ground validation was conducted for 99 landslides. The landslides identified in the
field showed no major deviation from Google Earth imagery, with an accuracy of about 90%
(2% false positive and 8% false negative). The completeness of the Google Earth inventory
was affected by small and shallow landslides noticed in the field, but not identified on the
images, as well as other features that were miscataloged as landslides, based on images. In
total, the inventory built from Google Earth imagery across the four catchments contained
430 both active and inactive landslides (Figure 3). The landslides cover 131 km? (~15%) of
the study area. Active landslides (44%) are commonly small and shallow active processes;
reactivation of large landslides being only a few. The active landslides represent 1.3% of
the total area affected by slope instabilities, highlighting the contrast in size with the large
inactive landslides (Table 2).
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Figure 3. Landslide inventory classified by the level of activity (A,B), landscape rejuvenation (C,D),
and lithology (E,F). Landslides <0.014 km? are represented as dots for visibility on maps. In Shafe
and Basso, >70% of the area is basaltic and rhyolitic lava flows (BRL), and ~10% is rhyolites and
trachytic lava (RTL). In Sile and Elgo, more than two thirds of the area is dominated by ignimbrite of
trachytic to rhyolitic (ITR) composition. The hillshade is from the 30 m SRTM DEM [68]. Background
imagery is from Google Earth (15 June 2020).
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Table 2. Summary of the characteristics of landslides per river catchment.
Landslide Characteristics Shafe Basso Sile Elgo
Total number of landslides (#) 104 107 148 71
Total area covered by landslides (km?2) 29 38 56 8
Total area covered by the active landslides (km?) 0.4 0.6 0.5 0.2
Area of the largest landslide (km?) 12.2 52 15.5 1.2
Mean area of the landslides (km?) 0.3 0.4 0.4 0.1
The ratio of shallow/deep-seated landslides 36/68 35/72 54/94 29/42
Landlde ) point desiy i rfreputedand
Acive e o ey b st nd
Landslide-area density (km? km—2) 0.2 0.3 0.3 0.0
Activity of landslides (%) ACtiT]e 32 > ® i
Inactive 68 47 55 54
Landslides connected to the river (%) 920 94 93 70
Landslides active and connected to the river (%) 32 52 50 32

NB. N represent the absence of landslide in relict landscape.

Inactive landslides are commonly larger and older, their age being undetermined.
These landslides are partially or fully covered by vegetation and are, to some extent,
reworked by human activity. The largest landslides (>0.1 km?) clearly have a long-term
morphologic legacy on the landscape, and are located in the midlands of the Shafe and
Basso, as well as the upper part of Sile. These are deep-seated landslides, with some
earthflows also being present. About 50% of the active landslides are developed within
older inactive landslides. Of the total landslides mapped, 89% have their toe in direct
contact to the rivers (out of the connected landslides, 45% are active), showing the potential
capacity of landslides to directly deliver sediment to the hydrological network.

Active landslides are commonly observed along gully banks (Figure 4). These slope
instabilities are usually very small and are difficult to distinguish from the images in Google
Earth; larger landslides are much less frequent (Figure 4A,B). Gully erosion is commonly
present in large landslides (Figure 4C,D, Table 3, see Section 3.3.4 for further details).

The spatial distribution of knickpoints along the channels is illustrated in Figure 3C,D.
Several of these knickpoints were confirmed during field work through the presence
of waterfalls or steep river stretches. Shafe, Basso and Elgo are characterized by four
landscape zones with three levels of knickpoints: a relict landscape upstream from the
highest knickpoints, rejuvenated phase I, rejuvenated phase Il and a transition zone between
phase I and phase II. The Sile catchment is characterized by relict, rejuvenated phase I and
rejuvenated phase II landscapes, the latter occupying the largest area.

The spatial connection between catchment slopes, mapped faults, and the river profiles
suggests that many of these knickpoints likely originate from faults (Figure 5) as already
highlighted in the Central Main Ethiopian Rift [39]. In the Shafe (Figure 5A), two sets
of knickpoints at ~1700 and 1900 m elevations are likely associated with ruptures of the
faults downstream of each cluster. Furthermore, a single knickpoint in the upper reach of
the Shafe defines the boundary between the relict and rejuvenated landscape with higher
mean slopes and more landslides downstream of the knickpoint. This knickpoint occurs
within the southern branch of the upper Shafe, but we note that an associated knickpoint is
missing from the northern branch, where the boundary between the relict and rejuvenated
landscape is further upslope from the channel network, suggesting this transient signal has
already propagated through the northern catchment. Within the mid and upper reaches
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of the Basso (Figure 5B), a clearly defined cluster of knickpoints at ~2400 m elevation is
likely related to mapped faults downstream, also suggesting recent fault activity. Such
associations are less evident for the Sile and Elgo catchments (Figure 5C,D). This, in part,
is due to the lack of topographic signatures for faulting within this area, as well as a lack
of correlation between knickpoints and regional slope angle distributions. Despite this,
some knickpoints are distinguishable from the river profiles. Within the Sile, a group
of knickpoints that span two branches of the river network at ~2000 m elevation do not
coincide with slope angle increases. Similar sets of knickpoints in the Elgo at ~1800 m
and 2200 m elevation show no relationship with slope angle, and suggest less tectonic
activity and/or at the incipient stage of rifting compared to the Basso and Shafe [39]. This
interpretation is also supported by the more dendritic topology and amount of channel
branching within the Sile and Elgo catchments compared to Shafe and Basso.

= WGoogle Earth

Figure 4. Examples of landslide-gully interactions from Shafe. (A) Field observation of active
landslides developed from a gully bank (18 September 2021). (B) Landslides along gully bank (same
place as (A) mapped from Google Earth imagery (6°19'2.27"" N, 37°38/22.32"" E). (C) Field observation
of inactive landslide (5 May 2018). The red arrows represent the heads of major active and partially
active gullies within the landslide. (D) Active and partially active gullies developed in a large
old inactive landslide mapped from Google Earth imagery (6°21'30.64" N, 37°38'41.52" E). Gullies
connected to the rivers can be observed (C,D). Most of these gullies are active, they can transport
significant amount of soil to the lowlands during intense rainfalls. Landslide head scarps (blue
arrows); active gullies (in red); partially active gullies (in yellow); landslides (in violet).
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Table 3. Landslide and gully interaction for each landscape of the river catchments.

Shafe Basso Sile Elgo
Total # of Gullies (All) within Landslides 501 205 499 56
Total # of Active Qulhes within 367 137 256 3
Landslides
Gully
Landscape .. GD GLD GD GLD GD GLD GD GLD
activity
Rejuvenated I All 33:46 5:8 6:25 1:3 3:6 <1:1 3:4 <1:1
(%)
= Rejuvenated II All 2:7 <11 2:3 <11 21:9 3:2 8:7 1:1
2]
:% 'g Transition All 26:13 3:3 14:6 1:1 N N N N
[}
H '_fa Relict All N N 6:4 1:<1 17:3 2:1 N N
[}
VA . Active 28:28 3:4 97:13 8:1 2:2 <11 3:1 <11
L. = Rejuvenated I
Q'S U Inactive 6:9 1:2 N:1 N1 2:<1 <1<l N1 N1
5
© ) . Active 34:3 31 6:<1 <l:<1 13:3 1:<1 11:3 1:<1
= Rejuvenated II
O Inactive 1:2 <I:1 2:1 1:<10 31 <l:<1 5:<1 1:<1
Rejuvenated I Active 29:16 3:2 7:2 1:<1 5:3 1:<1 9:2 1:<1
and II Inactive  3:6 <111 2:1 1:<1 2:1 <<l 5i<l 1:<1

GDj, and GDgyt are gully number density inside and outside the landslides (# km’z), whereas GLDj, and GLDgyt
are gully length density inside and outside the landslides, respectively. All gullies include active, partially active
and inactive gullies. N either means the landscape does not exist in the catchment and/or landslides do not host
gullies in that landscape.

Most of large deep-seated landslides are located downslope of the knickpoints in the
rejuvenated landscapes. Within two rejuvenated landscapes, 21% of the hillslope areas are
affected by landslides. In the Shafe, a spatial relationship is noticed—a series of landslides
occur downstream of the western-most knickpoint, while the sub-catchment to the north
has the largest amount of small active and inactive landslides towards the top of the
rejuvenated zone. The lithological control on the landslides is less evident to demonstrate
here since most of the rejuvenated landscapes are characterized by one dominant group of
rock types, namely BRL for the Shafe and Basso catchments and ITR composition for the
Sile and Elgo catchments (Figure 3).

3.3. Controlling Factors of Gully Erosion

The potential factors controlling the spatial variation in GLD were tested for the
whole gully inventory, and for active and inactive gullies separately. For facilitating the
comparison between catchments, the GLD value of each sub-catchment was standardized
by considering the deviation relative to the average of each catchment [69]. A negative GLD
value indicates a value less than the average of each catchment, whereas a positive value
indicates the opposite. This analysis was limited to sub-catchments with observed gullies.

3.3.1. Topographic Controls

We observed a non-linear relationship between GLD, elevation and mean slope angle
of each sub-catchment (Figure 6). GLD was highest for elevation between 1700-2600 m and
for slope angle between 10-20° in the Shafe, while no clear association was observed in
the Basso. In the Sile, the density was highest at an elevation of 1400-1600 m, with one
exception of a catchment at 2500 m, and no clear association with mean slope angle was
observed. For the Elgo, the highest GLD was concentrated at an elevation of 1400-1900 m
and for a slope angle between 15-35°.
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Figure 5. Relationship between slope angle (left) distributions with knickpoints, mapped fault
intersections, and landscape rejuvenation alongside river profiles (right) for the (A) Shafe, (B) Basso,
(C) Sile, and (D) Elgo catchments. Gray shading and black lines (left plots) are the range and mean
catchment slopes at each elevation, respectively; red-dashed lines are the elevations of knickpoints. Lines
(right plots) are river profiles as a function of upstream distance, colored by landscape classification.
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Figure 6. Relationships between GLD, mean elevation and mean slope angle for each sub-catchment
of the four study catchments. Symbols are colored based on slope angle. n represents number of sub-
catchments of the stated slope angle category in degrees, and r represents number of sub-catchments
of each slope angle category in the rejuvenated landscape. In Sile and Elgo, only sub-catchments in
rejuvenated landscape are affected by gully features.

In all catchments, the highest GLD and percentage of severely to extremely degraded
areas were in the rejuvenated landscapes (i.e., rejuvenated phase I, II and transitional),
showing a positive relationship between these landscapes and GLD (Figures 3 and 7). In
the Shafe, high GLDs were dominant in the rejuvenated phase I, whereas the rejuvenated
landscape II was characterized by higher GLD in the Sile and Elgo. Note that in Basso, the
highest GLD was observed in relict landscape at the level of one sub-catchment.

3.3.2. Lithologic and Soil Controls

In the Shafe, a large range in the GLD was noted for the most common lithology of
basalt and rhyolitic lava (BRL) (Figure 8). Rhyolite and trachytic lava (RTL) is associated
with the highest GLD median. Although the GLD values are generally lower for the Basso,
we observed a broader range with some high density values for BRL lithology, including
two outlier sub-catchments. In the Sile and Elgo, there was little contrast in the range
of GLD among the different lithologies, although higher values were reached in ITR, the
dominant lithology in the rejuvenated landscapes.

The clay ratio of soil, calculated as the percentage of sand and silt fractions over the
percentage of clay, is used as an index of soil erodibility [70], with low clay-ratio soils
considered to have a low erodibility and higher-ratio soils to be more erodible [70]. Except
in the Sile, where the clay ratio is increasing as the GLDs decrease, no clear relation between
clay ratio and density was observed in the other three catchments (Appendix A Figure A3).
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Figure 7. Boxplot of GLD for the different landscape zonation based on knickpoint locations for each
sub-catchment of the four study catchments. Boxplots give lower and upper quartiles and median.
The mean GLD represented by X. Outliers beyond whiskers are shown as +. The n values above each
boxplot indicate the number of sub-catchments.
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Figure 8. Relationships between lithology and standardized GLD per river catchment. Boxplots give
lower and upper quartiles and median. The mean GLD represented by X. Outliers beyond whiskers
are shown as +. n represents the number of sub-catchments for each type of lithology and r represents
the number of sub-catchments for each lithology type in rejuvenated landscape.

3.3.3. Anthropogenic Controls

Over the 1986-2019 period, we observed an increase in agricultural land at the expense
of forest and rangeland (Figure 9). However, the pattern is contrasting between the different
catchments, with the largest increase in agricultural land in the Sile and Elgo (~32% each),
and more forests in the Shafe and Basso. In the Shafe, Basso and Sile, the largest percentages
of severely to extremely degraded active gullies occur in stable agricultural land, mostly
within rejuvenated landscapes (Figure 9). In the Elgo, the largest percentage is in a zone
of agriculture expansion, which is also located in the rejuvenated landscape. For inactive
gullies, the largest percentages of severely to extremely degraded areas occur in stable
agricultural land of the Shafe and Elgo, and in the zone of rangeland expansion for Sile.
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Figure 9. Relationship between LULC dynamics over the 1986-2019 period and severity of degraded
area based on GLD (i.e., GLD > 1 km km~2) for each study catchment. (A) LULC dynamics of Shafe
and Basso, and (B) Sile and Elgo catchments. (C) Percentage of each LULC that remained unchanged
or that was gained for each catchment. (D) Percentage of area covered by severe to extreme degrada-
tion for each LULC using active gullies. Most of the severely and extremely degraded sub-catchments
of Shafe and Basso, and all sub-catchments of Sile and Elgo are located in rejuvenated landscapes.

A total of ~340,000 people were living in the area in 2020 [71], resulting in a high
average population density (310 inhabitants km~2) for a rural landscape. Higher population
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densities are observed on flatter slopes <10°, at elevations <1300 m and >1800 m; however,
agricultural activities are common in the steeper midlands of the study catchments. Overall,
there is an inverse relationship between population density and GLD; although in the Shafe,
several populated sub-catchments are more prone to gullying (Appendix A Figure A4).

Overall, road density and GLD show an inverse relationship for the Shafe and Sile,
whereas no clear relationship is observed for the Basso and Elgo. Road density, similar to
the population density, is higher in the lowlands and upper plateau where fewer gullies
are observed. In the different catchments, 6-25% of the gullies are connected to the roads
(Table 1) and half of the gullies connected to roads are active; i.e., a proportion of activity
similar to that observed for the whole gully inventory.

3.3.4. Landslides

Seventeen percent of landslides are characterized by gully incision. These landslides
host more than 1200 gullies (Table 3) within the older and larger landslides. In the Basso
and Sile, two of the largest landslides host over 100 gullies each. Some examples of
gullies observed within the landslide are shown in Figure 4, including active and partially
active gullies. As exemplified in Figure 4, we commonly observe that gullies affect the
“head” of the slide where steep slopes are formed by depletion, but also the toe (convex
steep slope formed by accumulation of landslide debris) or the lateral edge of the slide
(flow convergence). The proportions of gullies within and outside the landslides vary
among the different landscapes (Table 3). In the rejuvenated landscapes of all catchments,
the proportions of active gullies (both number and length) are much higher within the
landslides than outside. A similar trend was also observed for inactive gullies, except in
the Shafe.

4. Discussion
4.1. Gully and Landslide Inventories, Data Reliability and Age of the Processes

We mapped a total of 7336 gullies and 430 landslides in an area of 871 km?—excluding
the lowlands, flat zones and depression where no gullies and landslides developed. Google
Earth imagery proved to be an effective mapping tool with errors of only 4% for gullies and
10% for landslides. This level of accuracy is similar or better than that reported in other
studies using Google Earth imagery, for example [24,72-74].

Despite the high accuracy of the inventories, care must be taken with their reliability.
Errors are mainly associated with small features or high vegetation cover preventing
correct identification using Google Earth imagery. With respect to landslide activity, we
identified two populations: active landslides that are relatively small and shallow, and
large deep-seated landslides that are inactive. Small active landslides are slope-related
processes whose signature in the landscape can disappear quickly, sometimes over a few
years due to vegetation regeneration and land reclamation [75,76]. The oldest image in
Google Earth used for the mapping being from 2016, we thus argue that the inventory of
these small active failures provides information on the state of the landscape over a period
of ~10 years. Our inventory is therefore insufficient to consider the role of extreme events
with decadal return periods or human-induced landscape changes, for example [23,24,77].
Nevertheless, small landslides are clearly contemporary of the current natural and human-
induced environmental conditions. The ages of large landslides are undetermined and
clearly much older, potentially over 1 kyr [25], and have natural origins associated with
environmental factors that have not been recorded during the last decade [78]. Although
some of these large landslides show altered morphologies from erosion, we argue with
confidence on the completeness of this inventory [13].

Overall, our landslide inventory provides information that complements two recent
mapping efforts that only partially cover the study area [13,79]. The authors of [13] looked
at a few rather large-scale and old landslides, whereas [79] investigated recent small-scale
landslides. Note that the latter study provides an inventory that includes, under the
name “landslide”, a lot of mass-movements that are distributed along gully banks and
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therefore directly associated with the formation of these erosion processes. Such small-scale
slope instabilities that we also observed in the field are not considered in our inventory
as landslides since they are above all the direct consequence of soil erosion processes and
respond to different drivers.

Our inventory of more than 7000 gullies is a reliable dataset to highlight spatial contrast
in gully occurrence across the study catchments and identify potential factors controlling
their spatial distribution. The gully inventory discriminates between (partially) active and
inactive processes. When a gully is initiated, its extension can be very quick, reaching
sometimes more than 100 m per year [17]. In some cases, gully extensions of more than one
kilometre in a few decades have been reported by [80]. When a gully forms, it can remain
active over several decades [76,81]. For active gullies, we therefore interpret most of them
to correspond with current natural environmental conditions, although the timing of their
initiation and rate of expansion remains unconstrained. Once a gully has stabilized, it can
remain visible in the landscape for several thousands of years [36,82].

4.2. Interactions between River Incision, Landslides and Gullies

The role of faults in explaining the presence of large landslides has been highlighted
in previous studies within the region [13,79]. Here, we further consider the seismotectonic
control on the occurrence of old bedrock landslides through the analysis of the rejuvenated
landscapes created by the upstream migration of fault-related knickpoints. Faults, fractures,
knickpoint migration and landscape rejuvenation are parameters that act as environmental
controls on bedrock landslides in other regions [31,34,83], including in the context of
a rifting system such as the central portion of the western branch of the East African
Rift [24,76].

Our research is one of the very few that clearly demonstrate the role of landslides
as processes favoring the occurrence of gullies [20,27,76], especially over such a large
region. Of course, we cannot ignore the role of landscape rejuvenation within the scheme of
landslide-gully interaction. Indeed, regolith is needed for the development of gullies [33,36],
with regolith thickness often thinner and less continuous on steeper slopes [37,63]. The
reduction of regolith availability would be further exacerbated through the rejuvenation of
the landscape [32,35] and, to some extent, the presence of bedrock landslides [34]. Based
on this model, we would thus expect that GLD would be lower in rejuvenated landscapes.
However, the opposite was observed, suggesting that an optimum balance between regolith
availability and slope steepness in and outside the landslides is reached. In other words,
the recent landscape is old enough for providing regolith conditions favorable to gullying.

The higher GLD in the rejuvenated landscapes could suggest that the hillslopes are
not at threshold angles and that rates of regolith production outpace or have reached
an equilibrium with the rates of erosion, despite the presence of the large bedrock land-
slides. In the Shafe, Sile and Elgo, we observed that the highest GLD occur overall in
sub-catchments with slope values 15-25° (Figure 6), which are typically below the thresh-
old angles [24,31,34,83]. Nevertheless, our analysis of slope-specific GLD showed that a
clear relationship with slopes was not met in the study area (Figure 6); the GLD patterns
did not show any clear tendency towards a spatial trend. Various reasons may exist for this
non-linear behavior and require the disentangling of the characteristics of regolith, weath-
ering and rock properties [34,63] that are unknown in the region. Furthermore, the role of
human activities should not be ignored (see Section 4.3). Nevertheless, we argue that one
reason for the presence of gullies on steep slopes in a rejuvenated context is that retreating
knickpoints are developing in areas where the lithology is more prone to weathering and
regolith formation. Drainage networks may develop in places where the lithology is more
prone to incision [84] and, for example, the basalts and trachybasalts may display profiles
with a rather higher degree of weathering [13]. The rejuvenation is also associated with
the presence of active faults. More intense fracturing could not only favor bedrock river
incision and landslide, but also lead to higher weathering [34,75,84].
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4.3. The Role of Humans in the Occurrence of Gullies and Landslides

Due to population increase in the area, pressure on natural resources is increasing. For
example, agricultural land is expanding at the expense of forest and rangeland. Large areas
of severely to extremely degraded gullies were also observed in agricultural land, in the
period 1986-2019. Their occurrence could be associated with the practice of annual crops
and livestock breeding in the steeper midland zones, where the land remains bare during
off seasons. This can result in soil crusting and sealing, which can contribute to high runoff
generation [85]. Human activities might, therefore, contribute to the occurrence of active
gullies, with the highest densities in agricultural land. Even though the ages of inactive
and partially active gullies are undetermined, the role of human-induced environmental
conditions on their initiation might be minimal; the landscape rejuvenation being a more
likely factor controlling their distribution.

The occurrence of gullies and landslides along roads might be due to the slope modifi-
cation during cut and fill or concentration of runoff water by the establishment of artificial
drains and increased catchment area [27,86]. However, road density and GLD have an
inverse relationship for the Shafe and Sile, and no clear association for the Basso and Elgo
catchments. Despite this, the role of road construction should not be ignored, as new and
large gullies are observed, mainly along the main road in the Elgo catchment.

4.4. Gullies and Landslides as Sediment Source

The GLD of 1.6 km km~? in our study area highlights significant land degradation.
This density is significantly higher than those reported in previous studies in Ethiopia
and other parts of the world with similar climate, and LULC, for example [60,87,88] (see
Table Al in Appendix A). Although gully incision is quite severe in the area, the majority
of GLD values do not reach the threshold value proposed by [89] for badland topography
(i.e., gully number density >70 km~2 and GLD > 10 km km~?).

An average of 10 gullies per km? was measured in our study area, which is more
than most areas mapped across the Horn of Africa [51], with the notable exception of the
Afar region of north eastern Ethiopia and Eritrea where more than 50 gullies per km?
are concentrated. When only active gullies are considered, the area is characterized by
moderate and moderate to severe degradation. This suggests that a significant amount
of soil may be transported from uplands to lowlands during intense rainfalls, as a high
GLD has been shown to be associated to higher soil loss [90]. With 15-30% of active gullies
connected to the river network, i.e., proportions that are higher than that typically found
in other regions [52,53], the potential of gullies acting as direct sediment sources is high.
Partially active gullies connected to a river have the potential to deliver eroded sediments
directly to the river as well.

Compared to gullies, landslides are less frequent in the area in terms of number and
current activity. Evidence of landslides affecting 15% of the area, however, highlights
that this geomorphological process has played a significant role in shaping the landscape
over geological timescales. Although in some cases, the legacy of large landslides on the
sediment patterns may persist over thousands of years [91], the current contribution to
the sediment budget by these landslides here is limited as they are all old features that
look stabilized. This does not mean that new large landslides cannot occur, as has been
reported in other regions [23,92]. Since our period of observation was short, we did not
observe clusters of small landslides. In the Kivu rift, the authors of [25] observed clusters
of more than 500 mostly shallow and highly mobile landslides associated with convective
rainfall. When this happens, these shallow landslides can have a strong impact on sediment
delivery over a period of years to decades [21]. In our study area, active landslides are
limited to small scale instabilities along the rivers, representing direct sediment sources to
the hydrological network. These are commonly debris avalanches that might be triggered
by river erosion. In the absence of extreme landslide events associated with intense rainfall
during the short period of observation, recent landslides appear to play a minor role in the
current sediment dynamics, representing a limited volume of mobilized sediment.
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Sediment produced by gullies and landslides disconnected from the channel network
is locally stored, and might later be actively reworked through surface runoff, creep and
debris flows [75,93]. For the current sediment deposition problem of both the Abaya and
Chamo lakes, sediment contributed by gullies and landslides may be significant, as many
active gullies and landslides connect to the rivers that feed these lakes. Further research is
required to determine the amount of sediment that gully erosion and landslides contribute
to the two lakes, and to quantify soil loss and the temporal dynamics of gully initiation,
evolution and stabilization.

5. Conclusions

The present study demonstrates that satellite image analysis through Google Earth
coupled with targeted field validation is an effective method for deriving an exhaustive
inventory of gullies and landslides at regional scale. Identifying the spatial distribution
of gullies and landslides, their level of activity and connectivity with rivers is critical
for identifying the areas contributing most to sediment production. The proportion of
active gullies in the study area is three times higher than inactive gullies, suggesting that
land degradation through gullying is an active process in the studied catchments and
may have expanded in recent years, although this needs to be confirmed by landscape
reconstruction over the last decades. This is not the case for landslides, where only small
features along rivers seem to be actively contributing to the sediment budget, whereas
large, old landslides that show very little sign of activity appear to be preferential zones
for gully development. These large, older landslides are natural in origin, and mainly
controlled by landscape rejuvenation.

Our analysis across four catchments of similar size highlights large contrasts in GLD,
reaching up to 10.6 km km~2 in the most affected places. High GLD is mainly noted
in sub-catchments with average slopes steeper than 10° and a landscape rejuvenated by
the upslope propagation of knickpoints. These gullies affect the soils formed in volcanic
rock, mainly BTL and ITR, but further documentation of the lithological and pedological
variations is required to further characterize their control on gully occurrence.

At a regional scale, the occurrence of gullies does not seem to correlate with human
factors such as population and road density. The recent construction of a tarmac road
across one of the studied catchments, however, has caused a series of new and highly
dynamic gullies to form. High GLDs are observed in agricultural land; however, further
work is needed to better constrain gully initiation and evolution in these areas. To quantify
the contribution of gully erosion and landslides in the overall sediment budget of the
catchments of lakes Abaya and Chamo, an in-depth understanding of the factors controlling
the distribution and level of activity of gullies, as well as quantification of the total amount
of sediment delivered by each river catchment, is essential. This is also required for
identifying suitable mitigation and rehabilitation measures of the gullies and landslides,
and to prevent increasing soil loss and its consequent sedimentation in the Abaya and
Chamo Lakes.

Our study further demonstrates the important interactions between gullies and land-
slides. Although large landslides do not contribute to the current sediment budget, the
high GD and GLD of active gullies within landslides show that they favor the development
of gullies. Although less frequent, the presence of active landslides along the gully banks
also shows that gully formation locally favors the initiation of shallow landslides.

Overall, the role of the large landslides, together with landscape rejuvenation, high-
lights the dominance of natural, long-term, geomorphological factors on land degradation
processes. Our detailed inventory and characterization of these land degradation processes
in the catchments of lakes Abaya and Chamo are a step towards understanding the nat-
ural and anthropic controls of sediment production, and a contribution to the long-term
objective of more sustainable land management practices preserving soils and reducing
sediment delivery to the lakes.
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Appendix A

Table A1l. Overview of GLD reported for different regions.

GLD Dominant Area
No. Location B Climate  Dominant LULC Soil/Parent 5 Source
(km km—2) . (km*)
Material
1 China, northeast 0.3-1.2 Dwb Cropland Luvic Phaeozem 28 [85]
. Black, meadow, albic
2 China, northeast 0-72.0 Dwb Cropland and dark brown soil 164 [94]
. Glacial, glacifluvial
3 Latvia, south-east 0-4.5 Dfv NA and alluvial deposits 8423 [95]
Australia, Cropland and Red/grey Vertisols
4 north-central <5.2 Cfb L grey ' 3300 [52]
Victori grazing land red Sodosols
ictoria
5 Australia, 0.6-0.9 o Forest NA 192 [72]
southeast o
Mollisols with silty
6 China, northeast 1924 Dwb Farmland clay loam, hlgh_ clay 24 [96]
content and high
SOM
7 DR Congo 0.4-2 Aw Forest, few grasses Sandy soils 443 [80]
8 Ethiopia, central 0.6-1.2 Aw Cropland Mollic Andosols 24 [87]
9 Ethiopia, central 0.7-1.1 Aw Agriculture Nitosols 54 [61]
Acrisols, Leptosols,
10* Ethiopia, north 0.3-1 Csb Cultivated land Regosols, Luvisols, 21.5 [97]
and Vertisols
11 Ethiopia, north 0.6-1.4 Cwb Agriculture Leptosols 12.6 [59]
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Table Al. Cont.

GLD Dominant Area
No. Location _ Climate = Dominant LULC Soil/Parent 5 Source
(km km—2) . (km*)
Material
12 Ethiopia, north 0-2.8 BSh Cropland Cambisols, Leptosols 5, [50]
and Regosols
13 Ethiopia, central 0.6-1.8 Cwb Arable land Leptosols 49.3 [98]
.. . Cambisols and This
14 Ethiopia, south 0-10.6 Aw Agriculture Nitosols 756 study
15 Ethiopia, south 0.5-1.7 Aw Cropland Regosols 5.7 [60]
BSh, Luvisols, Regosols
16 * Australia, north 0-8.3 Cfa, NA - & 85,000 [88]
Cun and Vertisols
17 11\{/[2)?:12\171; 0.1-3 Dfp Agriculture NA 25,000 [99]
Croplan. mixed Gray forest soils and
18* Russia, East 0-4.2 Dfb P forés ; medium leached 188,000 [100]
chernozem
19+  Russia, European 0-0.5 Dfb, Dfa Arableland Chalk, marls and 15 [101]
territory sands

Notice: NA: no data for the area, SOM: soil organic matter. * Studies carried out in more than one catchment/region
and therefore represent more than one climate, dominant land use, land cover or soil type. Aw: tropical savanna
climate, BSh: hot semi-arid climate, Cfa: humid subtropical climate, Cfb: temperate oceanic climate, Csb: warm-
summer Mediterranean climate, Cwa: monsoon-influenced humid subtropical climate, Cwb: subtropical highland
climate or monsoon-influenced temperate oceanic climate, Dfa: hot-summer humid continental climate, Dfb:
warm-summer humid continental climate, Dwb: monsoon-influenced warm-summer humid continental climate.

A. Shafe B. Basso

W Active, connected to river

W Active, not connected
Partially active, connected
Partially active, not connected

® Inactive, connected

Mm Inacuve, not connected

Figure Al. Activity status of gullies and their connectivity to the rivers for each catchment. Total
number of gullies in Shafe, Basso, Sile and Elgo are 3640, 823, 1748 and 1125, respectively.
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Figure A2. The GLD, for partially active (A,B) and inactive (C,D) gullies of each river catchment.
The densities are represented at the level of the sub-catchments. Background imagery is from Google
Earth (15 June 2020).
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Figure A3. Relationships between GLD with clay ratio of the soil and slope angle for each sub-

catchment of the four study catchments. Clay ratio is % (sand + silt)/ % (clay). Slope represents the

mean slope angle (degree) of each sub-catchment and n represents the number of sub-catchments for

each slope-angle class.
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Figure A4. Relationships between population density for the year 2020 and GLD, for active gullies of

each river catchment. Slope represents the mean slope angle (degree) of each sub-catchment and n

represents the number of sub-catchments of each slope-angle class.
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