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ABSTRACT

Though strongly linked to landslides, hydropedological characteristics are inadequately investigated in
Manafwa catchment. This study investigated hydropedological characteristics at medium landslide sites
in Manafwa catchment. The design included 12 infiltration experiments that were conducted at each site.
To determine the selected soil physical properties, composite soil samples were extracted from the
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infiltration sites for soil laboratory analysis. Soil cores were extracted to determine saturated hydraulic

conductivity (Ksat) and bulk density. The observed high infiltration rates and rapid Ksat underscore the
susceptibility of the studied sites to landslide hazards. Additionally, soil organic matter, clay content, and
bulk density further contribute to the understanding of the hydropedological factors influencing land-
slide occurrences. These findings reveal the need for comprehensive investigations into hydropedologi-
cal characteristics of other landslide categories to assist in landslide risk assessment and management

strategies.

1 Introduction

Landslide hazards are prevalent in highland environments and
have been described as one of the most damaging natural
hazards (Guzzetti et al. 2012, Broeckx et al. 2018). Globally,
landslide hazards are reported to be on the increase due to the
increasing climate change extremes such as heavy rainfall,
coupled with human activities. Notably, most damages and
fatalities from landslides occur in the Global South, particu-
larly in the Himalayan arc of Asia (Petley 2012, Broeckx et al.
2018). Also, on the African continent, the last 20 years have
witnessed an increase in landslides, with the East African high-
land areas being the hotspot for these hazards (Kervyn et al.
2015, Bamutaze 2019). Despite the increasing landslide
hazards and the associated adverse impacts, studies addressing
them, especially in equatorial Africa, are still scanty, particu-
larly in terms of characterization of hydrological and pedologic
factors that underpin landslide occurrence.

The available literature indicates that hydrological condi-
tions significantly influence landslide occurrences (Travelletti
et al. 2011, Bogaard and Greco 2014, Bicocchi et al. 2019,
Wayllace et al. 2019). In particular, infiltration and hydraulic
conductivity are the dominant hydrological soil properties that
trigger landslides on hill slopes (Aristizabal et al. 2016,
Chienyuan and Tien-chien 2017). Dynamics in the infiltration
process may cause secondary soil creep and debris flow within
a landslide scar (Chien-yuan and Tien-chien 2017). Water in
the unsaturated soil surfaces leads to reduced shear strength of
the soil, thereby increasing the possibility of slope failure.
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Hydraulic conductivity triggers landslides in mountainous
areas with more permeable and deeper soils. Soils of high
conductivity only require short and intense rainfall for failure
to occur (Aristizabal et al. 2016). In tropical mountainous
environments, there are high rainfall amounts and deep weath-
ering profiles in saturated or humid field conditions. This is
why shallow landslides triggered by rainfall in tropical envir-
onments are controlled by the volume of water infiltrating the
soil. Therefore, understanding the soil characteristics of
steady-state infiltration rate and saturated hydraulic conduc-
tivity is very important in landslide assessment and manage-
ment (Hiramatsu et al. 1993, Chiu et al. 2019).

Manafwa catchment has experienced several landslides,
but knowledge of the influence of hydrological parameters
on the occurrence of landslides is still limited. And yet, such
knowledge is critical for monitoring and mitigation strategies
for landslides. Rainwater tends to infiltrate into the slope
materials, and as a result, these materials are rendered
unstable (Yeh and Tsai 2018). This explains why the catch-
ment experienced one of the largest landslides in March 2010,
leading to the deaths of over 300 people (Mugagga et al.
2012a, Osuret et al. 2016, Nakileza et al. 2017). In addition,
another deadly landslide occurred in 2018, which claimed
over 50 lives and caused displacement of 858 people (Acaps
2018). All these deadly landslides have been experienced after
heavy downpours. A study by Broeckx et al. (2018) under-
scored the limited information available regarding the soil
hydrological parameters that underpin landslides in this area.
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This has resulted in constrained early warning and risk man-
agement. Cognizant of this existing gap, the gist of this study
was to assess the hydropedological conditions underpinning
landslide occurrence, with a special focus on the medium
landslides as defined by Singh et al. (2008) in Manafwa
catchment, Mount Elgon. The study assessed the variation
of soil physical properties between the sampled landslide scar
sites in the catchment and intrinsic variations of the same
within the landslide scars (between sections). The study also
determined the steady-state infiltration rates and hydraulic
conductivity between the studied landslide scar sites across
the catchment and within the landslide scars. It also assessed
the influence of selected physical soil properties on infiltra-
tion and hydraulic conductivity in the catchment.

2 Materials and methods
2.1 The study area

The study was conducted in the Manafwa catchment located
between 34°7'30” and 34°30'0”E and between 0°52'30” and 1°
7'30”N on Mount Elgon in Eastern Uganda (Fig. 1). This area
experiences more severe major landslides than other landslide-
prone areas in the country (Kisira et al. 2022). Its altitude
ranges from 1104 to 4139 m above sea level. Manafwa River
is the main river in the catchment and also one of the five main

rivers draining the Mount Elgon landscape into the Lake
Kyoga basin (Wodeya 2018, Bamutaze 2019).

The area receives annual rainfall within a range of 1200 to
1600 mm (Wodeya 2018, Bamutaze 2019, Nakileza and Nedala
2020). This characterizes the catchment as a high rainfall
receiving area, which positively correlates with frequent occur-
rence of landslides. Landslides that follow the dry season are
said to occur after the first rains infiltrating very fast into the
open cracks causing rapid volume change and triggering land-
slides (Kitutu 2010). The area has two distinct seasons, with the
wettest period occurring from April to October. The minimum
and maximum temperatures of the area are 15 and 23°
C respectively (Mugagga et al. 2012b).

Mount Elgon is associated with volcanoes and is the oldest
of the solitary extinct volcano in East Africa that rests on the
dissected peneplain of the Precambrian bedrock of the Trans-
Nzoia plateau (Precambrian basement complex) (Tamale
2014). The geology is dominated by fenitized basement,
agglomerates, and tuffs. Kitutu (2010) found that fenitized
basements and phonolite dykes are prone to landslides. The
relatively young and fertile calcium-, sodium-, and potassium-
rich soils that cover the slopes are moist, dark humus loams.
On the steep slopes in the high-altitude moorlands, very shal-
low soils are found, while red-brown clay loams have formed
on the gentle slopes (Mugagga et al. 2012a). With stand-alone
volcanic cones, interlocking spurs, V-shaped valleys, and
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Figure 1. Location of the catchment study area in Uganda and distribution of the studied sites in the catchment.



ridges both gently undulating and rugged, the catchment is
hilly to the northeast and relatively flat to the southwest

(Fig. 1).

2.2 Mapping of landslide scars

First, reconnaissance was conducted in the study area as shown
in Fig. 2. The reconnaissance entailed consultations with the
environmental officers and disaster focal persons in Bududa and
Manafwa districts to identify major landslides that had occurred
to date in the area and were recorded at the district level. These
consultative meetings provided information on the sites/loca-
tions where landslides had previously occurred, including the
dates. This information also guided the research team while
visiting these sites to take note of measurements for site char-
acteristics. At each identified landslide site, the length and width
were recorded using a tape measure to enable computation of
the area/size of the landslide. In addition, the coordinates and
altitude at the landslide site were recorded using a global posi-
tioning system (GPS, Garmin 60sx). During this phase, an
inventory was developed of landslide hazards that had occurred
in the catchment, and their sizes were computed (Table 1). The
major landslides identified during the reconnaissance phase
were then classified by size following the procedure of Singh
et al. (2008). The major landslides in the catchment belong to
the medium-sized landslides class (Table 2).

2.3 Research design

Given that the majority of the mapped landslide scars were
medium landslides ranging from 1000 to 100 000 m®, as
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categorized by Singh et al. (2008), four of these scars were
selected for the study as depicted in the landslide inventory in
Table 1. The study then applied an experimental design includ-
ing a randomized block design (RBD). The blocks (landslide
scars) consisted of three landslide scar sections: the head scarp,
main body, and deposition (see Fig. 3). In each section, four
infiltration measurements (replicates) were conducted, two on
each side (left and right) of the three landslide scar sections
across the four selected sites in the study area. Twelve experi-
ments were run at each study site (landslide scar), making
a total of 48 infiltration experiments.

2.4 Sampling to determine soil physical properties at
landslide sites

Soil samples were collected at different depths of topsoil (0-
15 cm) and subsoil (15-30 cm) within a radius of 2 m at three
different points around each infiltration experimental site. The
samples were mixed thoroughly in a bucket, and a portion
(composite sample) for each soil depth was taken to the
laboratory for analysis of soil physical properties following
standard methods (Okalebo et al. 2002). A total of 96 compo-
site soil samples were collected, i.e. 48 samples for each depth.
Composite soil sampling at various depths is a crucial practice
in rigorous soil analysis since it reveals substantial vertical
variability of factors such as organic matter content, nutrient
distribution, and soil texture (Dick et al. 2015, Yimer et al.
2015, James and Wells 2018). Furthermore, Perkins et al.
(2013) emphasized that composite samples can be considered
during rigorous soil sample analysis, especially when a plot is
the unit of study, taking vegetation biomass and nutrient

Consultation with Measurement and Developed =
extension workers  |¢ Taking > Landslide §
and Literature coordinate points inventory E
. o
Review z
o
=
(]
(]
v l
v

Topographic .
POBTap Record of Infiltration . =
measurement Soil samples <)
. land use measurements =
and mapping g
=
o
w»
o
v

v v

Geo-spatial L . Laborator =
P . Statistical analysis < . y S
analysis analysis a
=
g
=

}

Hydrological conditions underpinning
landslide occurrences

Figure 2. Methodological framework for the study.
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Table 1. Inventory of identified medium-sized landslide scars.

ID X Y Altitude (m) Year of occurrence Slope (°) Thickness by Length (m) Thickness by width (m) Area (m?)
1 654 725 111 736 1840 2019 38 757 50 37 850
2 649 591 117 992 1683 2019 18 146 67 9782
3 655 556 110 967 1556 2019 24 115 43 4945
4 653 718 111 100 1371 2019 28 82 58 4756
5 649 930 117 970 1644 2019 26 105 39 4116
6 649 873 118 056 1648 2019 30 96 32 3072
7 649 311 118 046 1621 2019 25 73 21 1533
8 650 062 108 607 1515 2018 25 182 86 15 652
9 647 771 116 987 1602 2018 21 77 49 3773
10 647 644 116 462 1534 2018 14 25 83 2075
11 655 393 114 520 1743 2018 34 55 35 1925
12 654 626 115018 1767 2017 27 73 40 2920
13 649 345 117 587 1510 2015 17 315 73 22 995
14 647 018 116 960 1731 2015 26 150 45 6750
15 655012 114 526 1714 2015 30 20 42 3780
16 647 404 116 731 1622 2015 25 85 43 3655
17 647 234 117 198 1750 2015 29 58 46 2668
18 653 495 117 306 1677 2012 22 220 80 17 600
19 654 240 116 417 1590 2012 30 140 35 4900
20 650 196 117 840 1531 2012 24 60 25 1500
21 650 198 177 816 1522 2010 23 56 34 1904
22 648 918 107 354 1520 1998 26 85 35 2975
23 655 501 114 924 1790 1998 32 69 37 2553
24 648 705 108 109 1455 1997 25 105 87 9135
25 649 265 108 290 1456 1997 30 127 45 5715
26 648 140 117 280 1569 1997 27 79 45 3555
27 653 839 116 738 1483 1997 22 83 27 2241

Table 2. Landslide classification.

Size (m?) Description based on size
<10 Very small

10-1000 Small

1000-100 000 Medium

100 000-1 000 000 Large

>1 000 000 Very large

Source: Singh et al. (2008).

content expressed on a plot basis as it reduces cost and analy-
tical time. The use of composite samples also presupposes that
areliable mean estimate for a soil property can be derived from
a solitary analysis of the composite sample. Therefore, this
method is particularly suitable when the sampling area is
recognized to exhibit a relatively consistent uniformity (Dick
et al. 2015). Also, to capture this variability comprehensively,
sampling at multiple depths was essential. The analysis of
different depths allows for a more thorough assessment of
the root zone. As various crops or plants have distinct root
depths and nutrient uptake patterns, sampling at different
depths provides valuable insights into nutrient availability
within the critical root zone, aiding in effective crop manage-
ment (Zhang et al. 2020).

The composite soil samples were taken to Makerere
University Soil Science Laboratory for analysis following the
standard soil analysis procedures presented by Okalebo et al.
(2002). The results were used in the explanation of the
observed hydrological properties in the catchment using
a correlational statistical analysis. Also, bulk density was deter-
mined based on 48 samples that were extracted at each infil-
tration point for soil hydraulic conductivity following standard
procedures. The results of soil properties were interpreted in
relation to the critical levels. In soil analysis, the term “critical
level” refers to the minimum concentration or content of

a specific soil property in the soil below which a landslide
trigger is not expected when soil organic matter is below the
threshold level recommended for a given type of soil Zhang
et al. (2023). In this study, the critical levels for the selected soil
properties depict soil composition below or beyond which soil
shear strengths decrease significantly to trigger landslides for
the clay loam soils, as advanced by scholars elsewhere.
Currently, many scholars interpret soil properties using critical
levels of soil nutrients and properties; for example, DSrner
et al. (2022) used critical values for different soil properties
in andosols. Also, Samara et al. (2017) presented the effects of
steel on soil using critical levels.

2.5 Determining the steady state infiltration rates

Soil infiltration in volcanic deep weathered soils creates
conditions that trigger landslides. This has been
proven by several studies around the world (Cho 2014,
2017, Galeandro et al. 2014, Guo and Ma 2023, Zhang
et al. 2023). The infiltration of water increases soil moist-
ure, reduces shear strength, and elevates pore pressure,
making the soil mass more vulnerable to slope failure. In
addition, the work by Qin et al. (2022) on the presence of
shallow landslides induced by heightened hydraulic con-
ductivity as a result of tree roots underscored the role of
hydraulic conductivity with slope stability. Furthermore,
work by Lora et al. (2016), who investigated infiltration
dynamics in a physical hillslope model leading to shallow
landslides triggered by rainfall, further evidenced the sig-
nificant role of water infiltration in triggering landslides.
Understanding these processes is crucial for assessing land-
slide risk in volcanic terrains and implementing effective
mitigation measures in the catchment of Manafwa.



Figure 3. Landslide scar sections.

2.6 Layout of infiltration experiments

A double-ring infiltrometer was used to determine the infil-
tration at the study sites following standard procedures
(Bouwer 1986) - see Fig. 4. The double-ring technique was
adopted since it reduces the effect of slacking and lateral
water flow (Bamutaze et al. 2010). A suitable position was
selected within 1-2 m of the edge of each landslide scar (see
blue line in Fig. 3). The inner ring was placed on the ground
with the sharp edge facing down. A driving plate was then
placed on top of the ring and driven 14 cm into the ground.
The outer ring was then placed around the inner ring and
driven to the same height as the inner ring while maintaining
a vertical position for both rings. A 30 cm rule was placed
vertically into the inner ring and supported by a string to
avoid any displacement. The rings were continuously filled,
keeping a water head of 9 cm in the inner ring and water level
in the outer ring constant. Readings of water level in the inner

HYDROLOGICAL SCIENCES JOURNAL . 1253

Head scarp

Main body

Depositional
section

ring were taken at various intervals of 1 to 5 and 10 min
depending on the intake characteristics of the experiment
site. The water in the inner ring was replaced after every
complete experiment and reading. This was repeated until
a constant value, referred to as the steady-state infiltration
rate, was obtained three consecutive times.

2.7 Determining the hydraulic conductivity

A soil core was driven into the soil to obtain a soil sample at
each infiltration experiment site after clearing twigs, grass, and
stones. The core was then coded and taken to the laboratory to
determine the soil’s hydraulic conductivity. A total of 48 soil
samples were collected. To determine the hydraulic the con-
stant head method standard procedures (Amoozegar and
Wilson 1999) were used.

Figure 4. Authors setting up the infiltration experiments in the field (2020).
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2.8 Statistical data analysis

Quantitative analysis methods were used to analyse the data on
infiltration, saturated hydraulic conductivity, and soil proper-
ties. For example, descriptive statistics was used to obtain the
averages and level of variation. In addition, one-way analysis of
variance (ANOVA) was used to analyse the variation of
steady-state infiltration rates and saturated hydraulic conduc-
tivity. Regression analysis was used to determine the relation-
ship between steady-state infiltration rates, saturated hydraulic
conductivity, and soil physical properties.

3 Results

3.1 Variation of physical soil properties across the
studied landslide sites

A summary of soil physical property data across soil depth is
presented in Table 3. The soil organic matter is below the critical
level of 3% as classified by Okalebo et al. (2002). Although
increased infiltration and low soil water holding capacity were
expected, the rapid infiltration caused fast filling of the soil
pores, thus increasing pore pressure and hence increasing the
chances of slope failure (Huang et al. 2022, Tian et al. 2022,
Duan et al. 2023). In addition, soil organic matter, sand, and
clay significantly varied with soil depth (P < 0.05) where soils at
depths between 0 and 15 cm had the highest levels of organic
matter (2.4%). The high clay content in the soil indicates they
are extremely expansive hence increasing slope susceptibility to
landslides. Soils with low organic matter at a depth of 15 to
30 cm provide a poor habitat for soil biota, such as earthworms.
Such organisms, through their burrowing activities, increase
pore space and create continuous pore linkage of surface to
subsurface soil layers. The detected difference in clay with soil
depth, therefore, explains the highly expansive soils that are
associated with slope instability.

In addition, soils in the studied sites had low levels of
bulk density, with a mean value of 1.26 g/cm3 (Table 4). This
is lower than the critical level (1.6 g/cm”’) for clay loam soils

3.2 Effect of soil physical properties on measured
hydrological processes at the medium landslides

Results for the effect of physical soil properties on steady-state
infiltration rates and saturated hydraulic conductivity at the
four studied landslide scar sites are presented in Table 5. The
soil organic matter increased with an increase in saturated
hydraulic conductivity. This implied that soil organic matter,
as opposed to soil texture, is a better predictor of soil hydraulic
conductivity at landslide scars.

3.3 Variation of measured hydrological process at the
medium landslides in the catchment

3.3.1 Steady-state infiltration rate between the studied
landslide scars

The measured infiltration rates at the four landslide scar sites
are presented in Table 6. The steady-state infiltration rate
across the studied area varied from 0.03 to 1.22 cm/min with
a range of 1.19 cm/min. A coefficient of variation of 63% was
recorded, which is high according to the Coefficient of varia-
tion (CV) grouping by Couto et al. (2017). An average steady-
state infiltration rate of 0.5 cm/min was recorded. Notably, the
infiltration rate recorded was higher than the maximum basic
infiltration rate of 0.016 cm/min for clay loams as classified by
Brouwer et al. (1988). High steady-state infiltration rates and
clay soils, which are known to reduce this rate, promote slope
failure.

3.3.2 Steady-state infiltration rates within the landslide
scars

Figure 5 summarizes the results of variation in the steady-
state infiltration rate with landslide scar sections. In the
entire catchment, the head scarp recorded the highest
average steady-state infiltration rate of 0.5 cm/min, fol-
lowed by the deposition section with 0.47 cm/min. The

Table 4. Variation of bulk density (0-15 cm).

. gt B 3
beyond which soil penetration is severely restricted, as —_S@ustics Bulk density (g/cm’)
emphasized by Hazelton and Murphy (2007). Low bulk é\‘;e(r(;ge 33'5461
density is associated with an increase in Ksat and infiltration  pax 147
rate which increases slope susceptibility to downslope  Min » 1.01
movement. Standard deviation 0.10
Table 3. Variation of soil properties with depth.
% composition textural class
Soil depth Statistics SOM Sand Clay Silt
0-15cm Average 24 34.6 353 30.1
CV (%) 30.9 17.5 14.5 153
Max 3.6 48 48 40 Clay loam
Min 1.5 17.5 14.5 153
Standard deviation 0.7 6.1 5.1 4.6
15-30 cm Average 2 315 39.8 28.7 Clay
CV (%) 26.4 19.1 14.2 15.2
Max 3 48 50 38
Min 1 18 14.2 15.2
Standard deviation 0.5 6 5.6 4.4
ANOVA F 15.0771 6.581 19.963 3.642
F crit 3.942 3.9423 3.9423 3.942
P value 0.000* 0.012* 0.000* 0.059

*Significant difference (P value < 0.05); the more the ANOVA F > F crit the more the variation; Max = maximum; Min = minimum.
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Table 5. Effect of physical properties on the measured hydrological processes.

Physical properties

Parameter Statistics SOM Sand Clay Silt

IR R 0.013 0.003 0.005 28x107°
P value 0.43 0.71 0.63 0.97

Ksat R? 0.092 0.009 0.003 0.034
P value 0.04* 0.52 0.71 0.21

*Significant R? (P < 0.05); R? = coefficient of determination.

Table 6. Measured IRs and Ksat rates with observed physiographic characteristics at the studied sites.

Scar sites Sections  Replicate X Y Land cover and use  Slope (%) Altitude (m) IR (cm/min) Ksat (cm/min)
Bunamungoma Head scarp 1 650 066 108 596 Coffee 50 1517 0.46 0.53
2 650 052 108 587 Coffee 40 1502 1.08 1.32
3 650 034 108 640 Abandoned 55 1516 0.34 0.83
4 650 023 108 631 Abandoned 60 1497 0.34 1.03
Main body 5 650 003 108 640 Cassava 48 1488 0.04 1.24
6 649 982 108 630 Maize 45 1474 0.48 1.17
7 650 029 108 577 Banana 42 1491 0.8 0.70
8 650 001 108 554 Maize and banana 45 1471 0.42 1.10
Deposition 9 649 939 108 625 Maize and banana 40 1462 0.6 0.92
10 649 921 108 619 Coffee 33 1454 0.2 1.09
1 649 985 108 510 Elephant grass 30 1464 0.24 1.03
12 649 934 108 486 Banana 25 1438 1.22 0.71
Busiliwa Head scarp 13 654 261 116 426 Coffee 54 1578 0.32 1.19
14 654 267 116 410 Coffee 32 1571 0.24 1.12
15 654 240 116 422 Abandoned 52 1581 0.03 0.75
16 654 233 116 396 Coffee 50 1560 0.26 1.08
Main body 17 654281 116 395 Coffee and banana 47 1552 0.44 0.63
18 654 286 116 369 Coffee 37 1549 0.14 0.38
19 654 245 116 365 Banana 30 1543 0.18 0.54
20 654 248 116 336 Coffee 26 1538 0.46 1.03
Deposition 21 654 324 116 358 Banana and sesbania 35 1547 0.26 0.75
22 654 333 116 339 Banana 45 1532 0.16 0.52
23 654 258 116 323 Coffee 38 1537 0.36 0.65
24 654 264 116 294 Coffee 43 1522 0.14 0.53
Bunakasala Head scarp 25 653495 117 304 Maize 32 1680 0.6 1.07
26 653 485 117 302 Maize 42 1665 0.8 0.98
27 653492 117 330 Banana 52 1679 0.22 1.03
28 653 476 117 338 Banana 38 1678 0.52 0.73
Main body 29 653 450 117 377 Coffee 44 1660 0.32 0.53
30 653 435 117 373 (assava 33 1659 0.42 1.03
31 653 448 117 282 Banana 48 1659 0.78 0.84
32 653 426 117 279 Banana 53 1655 0.74 1.08
Deposition 33 653410 117 282 Banana 40 1644 0.32 0.80
34 653391 117 283 Banana 44 1640 0.38 0.83
35 653412 117 374 Elephant grass 43 1647 0.56 143
36 653398 117 376 Elephant grass 45 1640 0.44 1.20
Bunanyuma Head scarp 37 647 019 116 906 Coffee 63 1789 1.10 0.90
38 647 031 116 904 Coffee 59 1782 0.48 1.02
39 647 049 116 959 Banana 51 1796 0.46 0.57
40 647 061 116 944 Banana 59 1786 0.32 133
Main body 41 647 046 116 900 Coffee 51 1774 0.09 1.29
42 647 057 116 895 Coffee 46 1769 0.04 0.55
43 647 073 116 943 Coffee 54 1778 0.62 1.28
44 647 082 116 938 Coffee 56 1771 1.00 1.30
Deposition 45 647 096 116 931 Banana 50 1763 0.76 1.23
46 647 105 116 918 Banana 51 1758 0.82 0.94
47 647 071 116 887 Banana 45 1766 0.40 1.18
48 647 081 116 874 Banana 48 1764 0.58 1.25
Statistics for the measure of variation Min 25 1438 0.03 0.38
Max 63 1796 1.22 1.43
Mean 44.8 1616.4 0.5 0.94
Stdev 9.1 113.7 0.3 0.27
CV (%) 20 7 63 29

CV = coefficient of variation; Stdev = standard deviation; Max = maximum; Min = minimum; Rpl = replicates.

lowest rate (0.4 cm/min) was observed in the main body
section. The main body also depicted more variation than
the other sections did. The coefficient of variation was
63%, 68%, and 62% for the head scarp, main body, and

deposition section, respectively. When subjected to the
ANOVA statistical test, the steady-state infiltration rates
were not statistically different between the head scarp,
main body, and deposition section (P value > 0.05). The
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Figure 5. Variation of the steady-state infiltration rates across landslide scar sections for the entire catchment. The steady-state infiltration rate at the main body
sections of the selected landslide scars depicted higher variation, followed by the deposition sections and then headscarp areas.

higher infiltration rate at the head scarp ignites rapid
saturation of the pores, leading to increased pore pressure
and mass weight. This elevated pore pressure then contri-
butes to the detachment of mass from the bedrock and
thus downslope movement. Furthermore, the intensified
weight extends the fracturing process into the main body,
perpetuating the land sliding process.

3.3.3 Saturated hydraulic conductivity between the studied
landslide scars

Saturated hydraulic conductivity data within the catchment is
presented in Table 6. The saturated hydraulic conductivity
varied from 0.38 to 1.43 cm/min with an average of 1.04 cm/
min. The average saturated hydraulic conductivity recorded
was 0.94 cm/min, thus there was a high variation of the
saturated hydraulic conductivity in the catchment
(CV = 29%). The observed coefficient of variation is lower
than 202.6% which was reported by Deb and Shukla (2012) for
clay loam soils. The average saturated hydraulic conductivity
(0.94 cm/min) is very rapid based on a categorization by
Hazelton and Murphy (2007). The variation in the saturated
hydraulic conductivity with study sites can be explained by the
difference in land use, intrinsic soil properties, agricultural
management, and climatic and environmental conditions at
the sites (Deb and Shukla 2012, Mufioz et al. 2017).

3.3.4 Variation of soil-saturated hydraulic conductivity
within the landslide scars

Results on the variation of saturated hydraulic conductivity
among landslide scar sections in the catchment are presented
in Fig. 6. At the head scarp, saturated hydraulic conductivity
varied from 0.53 to 1.33 cm/min, thus averaging 0.97 cm/min.
The main body recorded variation from 0.38 to 1.30 cm/min,
averaging 0.92 cm/min. The saturated hydraulic conductivity
in the deposition varied from 0.52 to 1.43 cm/min, averaging
0.94 cm/min. The coefficient of variation was 24%, 35%, and
29% for the head scarp, main body, and deposition section,
respectively. The head scarp exhibited the highest saturated
hydraulic conductivity, followed by deposition section and

then the main body. There was no significant influence
on saturated hydraulic conductivity by the landslide scar sec-
tions (P value > 0.05) of the studied area.

3.3.5 Statistical correlation between saturated hydraulic
conductivity and steady-state infiltration rate within
studied sites

The results of the correlation between saturated hydraulic
conductivity and steady-state infiltration rates are summarized
in Table 7. At Bunamungoma scar, there was a weak positive
correlation (r* = 0.25, P = 0.44) between saturated hydraulic
conductivity and steady-state infiltration rate. Saturated
hydraulic conductivity at Busiliwa increased with an increase
in the steady-state infiltration rate, exhibiting a moderate posi-
tive correlation (r* = 0.40, P = 0.20). Bunakasala site exhibited
a weak positive correlation (r* = 0.24, P = 0.46). A very weak
positive correlation (r> = 0.16, P = 0.62) was also recorded at
Bunanyuma landslide scar. In summary, the hydraulic con-
ductivity positively correlated with steady-state infiltration rate
at all the studied landslide scar sites, though this correlation
was not statistically significant.

4 Discussion

4.1 Variation of soil properties across the studied
landslide scars

Across the study sites, both the steady infiltration rate and
saturated hydraulic conductivity were high at the head scarp,
followed by the deposition section, and then the main body.
However, the variations were not significant, and this can be
explained by limited variations within the soil physical proper-
ties. The level of soil organic matter in the head scarp could
explain the higher steady infiltration rates, as the soils have
limited capacity to hold water. Furthermore, the amount of
bulk density (BD) could explain the increase in the infiltration
rate and Ksat in the deposition section as there is less compac-
tion of the soils, hence encouraging rapid water movement.
According to Fuentes et al. (2004), Dec et al. (2008), and
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Figure 6. Variation of soil-saturated hydraulic conductivity across sections in the studied area. The main body sections of the chosen landslide scars exhibited the
greatest variability in hydraulic conductivity, followed by the deposition sections and then the head scarp areas.

Table 7. Correlation between Ksat and steady-state infiltration rate.

No Site Correlation coefficient (r) P value
1 Bunamungoma 0.57 0.05
2 Busiliwa 0.10 0.75
3 Bunakasala 0.46 0.13
4 Bunanyuma 0.04 0.91

Cleophas et al. (2022), an increase in bulk density leads to
a reduction in macropores and an elevation in meso- and
micropores, consequently influencing hydraulic conductivity.

4.2 Steady-state infiltration rate and saturated hydraulic
conductivity

The observed steady-state infiltration rate (0.5 cm/min) at the
studied sites is slightly higher than what Kitutu et al. (2009)
recorded (0.45 cm/min) for the landslide-prone zones in
Bududa district. However, the steady-state infiltration rates
recorded at the landslide scar sites are far lower than those
recorded in annual (1.81 cm/min) and perennial (1.95 cm/
min) cropping systems on the volcanic sloping soils for the
same area by Bamutaze et al. (2010). The variation in infiltra-
tion rates is attributed to the soil properties and land manage-
ment practices at the study sites, which is consistent with
studies by Chien-Yuan et al. (2005) and Meten et al. (2015).
Regarding catchments in other parts of the country, Kisira
(2019), for instance, recorded an average infiltration of
0.35 cm/min on a hill slope of Kigezi highland, which is
lower than observed for the studied landslide sites. This pre-
cisely explains the recurring landslides in Manafwa catchment
with a higher level of infiltration in the Mount Elgon catch-
ment. The average saturated hydraulic conductivity recorded

(0.94 cm/min) was higher than (0.02 cm/min) that reported by
Siriri et al. (2006), on different land use systems in Kigezi
highlands. The high saturated hydraulic conductivity is due
to the differences in land use practices as also noted by Siriri
et al. (2006). The very rapid Ksat explains the increased sus-
ceptibility of Mount Elgon ecosystem to landslide disasters
compared to other highlands in the country. The very rapid
Ksat increases the steady-state infiltration rate in the head
scarp as opposed to the main body which has shallow soil
depth and an underlying bedrock that causes discontinuity in
the vertical water movement in the soil. This is consistent with
what was observed by Casagli et al. (2006) and Gomes and
Vieira (2004). More literature indicates that saturated hydrau-
lic conductivity influences the rate of water movement in the
soil (Duan et al. 2018, Soulis et al. 2020). The very rapid Ksat
increases the water pore pressure in the head scarp thus redu-
cing the soil stability that initiates land sliding.

4.3 Effect of soil physical properties on infiltration rate
and saturated hydraulic conductivity

Soil textural class and bulk density significantly influenced
infiltration and saturated hydraulic conductivity which trig-
gered landslides at the studied scar sites. The high clay content
in the soils and its influence on landslide occurrence in
Manafwa catchment is not surprising. Kitutu et al. (2009)
obtained similar results and noted that soil texture at different
soil depths was significant in triggering some landslides. In
addition, Mugagga et al. (2012a) stated that if soils have > 32%
clay this implies tremendous slumping potential and thus high
susceptibility to landslides. In a study elsewhere, Turk (2017)
comments on the effect of soil properties on landslides along
forest roads and reveals that soils dominated by clay loams are
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more susceptible to landslides due to the high spreading rate.
For soil management purposes, the high clay content implies
that there is a need to apply soil and water conservation
practices that increase humus such as applying organic com-
post manure. This improves the soil structure and eliminates
drainage and compaction problems, as revealed by Eberbach
and Humphreys (2014).

The average of 1.26 g/cm’® showed low BD composition,
below the critical level of 1.6 g/cm® for clay loam as
advanced by Hazelton and Murphy (2007). This therefore
increases the volumetric air content in the soil as well as
easily allowing root penetration, as also observed by Field.
Bulk density in the studied sites was low, thus increasing
saturated hydraulic conductivity and infiltration rate (Igwe
2005). Similar results have been reported in other catch-
ments. For example, Fonseca and Lani (2017) revealed that
low bulk density increases saturated hydraulic conductivity
and total porosity provides more space for water which
enhances soil saturation and landslide occurrence. Low
bulk density decreases overland flow by increasing the infil-
tration (Efthimiou 2019). Practices like the use of multi-
crop systems with different rooting depths and no-tillage
cropping systems improve bulk density (USDA NRCS
2019).

The observed soil organic matter level was below the
critical level of 3% (Okalebo et al. 2002). Soil organic matter
controls water infiltration, transmission, and storage in the
soil (Franzluebbers 2002). Reduced soil organic matter
therefore implies that there is un-controlled increase of
water infiltration, thus causing soil pores to fill very fast.
Continued infiltration increases water pore pressure,
increasing the susceptibility of slopes to slide. Soil organic
matter can be improved through good practices, for instance
reduction of erosion through mulching, minimum tillage,
and planting of cover crops or high residue crops (Cotrufo
and Lavallee, 2021).

5 Conclusions

In general, the results of this study demonstrate that the medium
landslide scars in the Manafwa catchment are characterized by
high and very rapid steady-state infiltration rates and saturated
hydraulic conductivity. The steady-state infiltration rate is gen-
erally high across the scar sections but relatively higher at the
head scarp section, which serves as the initiation point for land-
slides in such areas. The organic matter content was low in the
upper and lower soil depth, unlike the clay content which was
high and increased with soil depth. Practices such as the appli-
cation of organic fertilizers that increase soil organic matter
should be promoted to enhance soil stability.
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