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Abstract

To analyse the driving forces of gully erosion using a present dataset of geomorphic parameters and land use/cover involves
limitations because past datasets at the time of gully incision may best explain the gully formation and evolution at that
time. The recent development of photogrammetric techniques enabled to estimate temporal gully volume changes. This study
conducted in semi-arid Ethiopian Rift Valley used field measurements and gully volume–length relation to analyse spatial and
temporal dynamics of catchment geomorphology and topographical threshold of gully heads to explain the difference in the
gully volumes and area-specific gully volumes between two study sub-areas. The topographic thresholds of the gully heads,
expressed by the slope (= s) and drainage area (= a), (i) formed in each catchment and (ii) that had the same land use/cover
items (forest, grassland, and farmland) in all the catchments of each sub-area were approximated by power functions (s = ka-b).
Analysis of covariance found that these threshold lines had clear spatial and temporal patterns: the threshold lines maintained
almost the same exponent b specific to each sub-area while the threshold coefficient k significantly decreased in the order of
forest, grassland, and farmland. The spatial variability and its temporal changes in relief aspect of the catchment morphology
can responsible for the difference in the area-specific volumes of gullies between the sub-areas, while the continuous reduction
in vegetation cover over time can be the main driving force of the similar scale and changing patterns of the gully volumes
between the sub-areas.

Abstract

To analyse the driving forces of gully erosion using a present dataset of geomorphic parameters and land
use/cover involves limitations because past datasets at the time of gully incision may best explain the gully
formation and evolution at that time. The recent development of photogrammetric techniques enabled to
estimate temporal gully volume changes. This study conducted in semi-arid Ethiopian Rift Valley used
field measurements and gully volume–length relation to analyse spatial and temporal dynamics of catchment
geomorphology and topographical threshold of gully heads to explain the difference in the gully volumes and
area-specific gully volumes between two study sub-areas. The topographic thresholds of the gully heads,
expressed by the slope (=s ) and drainage area (= a ), (i) formed in each catchment and (ii) that had the
same land use/cover items (forest, grassland, and farmland) in all the catchments of each sub-area were
approximated by power functions (s = ka-b ). Analysis of covariance found that these threshold lines had
clear spatial and temporal patterns: the threshold lines maintained almost the same exponent b specific to
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each sub-area while the threshold coefficient k significantly decreased in the order of forest, grassland, and
farmland. The spatial variability and its temporal changes in relief aspect of the catchment morphology
can responsible for the difference in the area-specific volumes of gullies between the sub-areas, while the
continuous reduction in vegetation cover over time can be the main driving force of the similar scale and
changing patterns of the gully volumes between the sub-areas.

KEYWORDS: gully evolution, area-specific gully volume, gully volume–length relation, catchment geomor-
phology, topographic threshold

INTRODUCTION

In East and South African countries, large-scale gullies can be seen almost everywhere (Katsurada et al.,
2007; Ndomba, Mtalo, & Killingtveit, 2009; Boardman, 2014). In semi-arid Ethiopian highlands (Tigray),
the area-specific gully erosion rates (gully erosion rate per unit area) since gully incision to 2001 were 6.2–17.6
Mg ha-1 y-1 (Nyssen et al., 2006; Frankl et al., 2013a). In sub-humid Ethiopian highlands (Amhara), the
area-specific gully erosion rates were 8.7–155 Mg ha-1 y-1 (Tebebu et al., 2010; Zegeye et al., 2016; Yibeltal et
al., 2019). In semi-arid Ethiopian Rift Valley, a lowland part of Ethiopia, the area-specific gully erosion rate
was 16.2 Mg ha-1 y-1 (Mukai, 2017). Most gully volumes showed an exponential increase since gully incision
in Ethiopia except the ones in the areas where gully rehabilitation or soil and water conservation programmes
at watershed scale were implemented (Nyssen et al., 2006; Frankl et al., 2013a). The contribution of gullying
to total soil loss from the area ranges from 28% in semi-arid highlands (Nyssen et al., 2008) to 64 to more
than 90% in sub-humid highlands (Tebebu et al., 2010; Zegeye et al., 2016) of Ethiopia.

Gully formation and its evolution are regulated by various factors, such as several geomorphic properties of
catchments, slope gradient, land use, vegetation, and rainfall characteristics (Poesen et al., 2003; Valentin,
Poesen, & Li, 2005). Land use and vegetation cover are a major controlling factor of gully initiation (Parkner
et al., 2006; Gómez Gutiérrez, Schnabel, & Lavado, 2009) and its evolution (Martinez-Casasnovas, Ramos,
& Garcia-Hernandez, 2009). Many studies that used a statistical approach concluded that the present land
use/cover was not a decisive factor of gully erosion (Muňoz-Robles et al., 2010; Kompani-Zare et al., 2011;
Frankl et al., 2013b; Mukai, 2017). Using sequential historical aerial photographs and photogrammetric
technique, Gómez Gutiérrez, Schnabel, & Lavado (2009) determined temporal changes in gullied areas over
~60 years in southwest Spain, which were explained by temporal changes in land use and vegetation co-
ver in respective years determined by the combination of aerophoto-interpretation and field observation.
Martinez-Casasnovas, Ramos, & Garcia-Hernandez (2009) used similar techniques to explain the impact
of land use/cover changes on gully sidewall erosion in northeast Spain. Mukai (2017) found that the gully
erosion rates of the study gully networks during the respective study periods in the present and the past had
significantly strong correlations with the rates of area changes in land use/cover items during the respective
study periods. These pieces of evidence show the importance of an analysis that analysed the relationship
between gully erosion and past land use/cover when gullies were initiated.

It is well known that gully initiation and gully head positions are related to some critical conditions, e.g.,
the topographic threshold, a combination of the slope at the gully head (s ) and upslope drainage area (a ),
which is expressed in equation (1):

s = ka-b (1),

where the threshold coefficient k , is a constant that varies with local climate, soils, and vegetation covers,
and the exponent b , is a constant which is related with the dominant process of the flow conditions in a
gully channel, e.g., surface or sub-surface flows (Torri & Poesen, 2014). Land use that reduces vegetation
cover, such as an increase in cultivated area and transformation of forest to grassland, tends to reduce the
topographic threshold levels and increase the risk of gully erosion on sites (Parkner et al., 2006; Gómez
Gutiérrez, Schnabel, & Lavado, 2009). Using sequential historical aerial photographs and digital elevation
models (DEM), Parkner et al. (2006) determined the s -a relationships (topographic threshold) of the gully
heads formed in the 24 active gullies and gully complexes in New Zealand back to the time when gully
heads were incised. Land use and vegetation cover in individual years was determined by mainly aerophoto-
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interpretation. They found the s -a relationships were related to land use/cover at the time of gully incision.
When the land use of a catchment was an indigenous forest, the topographical threshold value was very high.
As the land use changed to pasture, to invaded scrub, and to reforestation, the value decreased rapidly, then
slowly increased, and finally returned to a similar level to that under indigenous forest. Gómez Gutiérrez,
Schnabel, & Lavadzo (2009) took a similar approach and proposed a topographical threshold evolution model
based on land-use changes in respective study years in southwest Spain. Thus, some studies have indicated
that land use and vegetation cover in the catchments at the time of gully incision explained the spatial
variability in gully topographical threshold values well. However, the studies that quantitatively assessed the
relationships between land use/cover and a difference in topographical threshold values were rare.

Some gully morphological characteristics have recently been used to determine temporal gully volume chan-
ges. Several studies have explored the relationship between the gully volume (V ) and length (L ) using a
power equation V = aL b (V –L relation; e.g., Frankl et al., 2013b). Li et al. (2017) proposed a relation
between the gully volume (V ) and gully area (Ag ) using a power equationV = aAg b. These models
have advantages that the length and area of a gully can be easily determined from aerial photographs and
high-resolution satellite images. These photogrammetric techniques were utilised to assess long-term changes
in gully volumes (Frankl et al., 2013a; Mukai, 2017).

Concerning other controlling factors of gully erosion that show temporal variation, such as catchment geo-
morphic characteristics, many studies analysed the present parameters and indices (Singh, Sarangi, & Shar-
ma, 2008; Chandrashekar et al., 2015). Using a statistical approach, Tamene et al. (2006) and Haregeweyn
et al. (2008) quantitatively explained the spatial variability of sediment yield and area-specific sediment
yield by various controlling factors that included the present catchment geomorphic parameters in semi-arid
Ethiopian highlands. However, the relationships between the temporal changes in the catchment geomorphic
parameters and gully evolution (e.g., gully volume changes) have rarely been quantitatively analysed except
the V –L relation. Mukai (2017) quantitatively analysed the relationship between the temporal changes in
the catchment geomorphic parameters and gully erosion; however, how that relationship had implications to
the spatial variability of gully evolution in agroecology had not been analysed.

The objectives of this study carried out in semi-arid Ethiopian Rift Valley were three-fold. It was, first, to
analyse spatial and temporal dynamics in catchment geomorphology quantitatively and explain the difference
in gully evolution (i.e., changes in the gully volumes and area-specific gully volumes) specific to each of the
two study sub-areas. Secondly, it is to quantitatively assess the relationships between temporal changes
in land use/cover items and topographical threshold of gully heads in each sub-area, and to explain the
difference in gully evolution specific to the sub-area; and (iii) to confirm that the combination of the V –L
relation and field measurements is feasible to assess the interactions between environmental changes and
gully erosion/gully head positions.

MATERIALS AND METHODS

2.1 Study area

The details of the study area and field measurement are given in Mukai (2017) and their summary is outlined
below.

The Tebo and Geldia catchments (~285 km2; Figure 1) geographically contain (i) northern Tebba Gersa
mountainous area that is a part of the Ethiopian highlands (2200 m asl), (ii) the southern lowland of the
Rift Valley floor (~1500 m asl), and (iii) intermediate transitional area. The catchments and permanent
gullies in the Tebo and Geldia catchments can be divided into two geographical sub-categories: the Rift
margin sub-area (gullies) and the Valley floor sub-area (gullies; Billi & Dramis, 2003). From the Rift margin
sub-area, five catchments (Boruamba, Telilo, Adare, Gebruamba, and Koka), which originate from either the
southern margin of the Tebba Gersa mountainous area or the steep slope on the fault scarp, were selected
as study catchments (Figure 2). From the Valley floor sub-area, seven catchments (Hadaware, Merko, Goro,
Abharo, Kawa adami, Aware, and Odalega), which originate from the vicinity of the Merko hillside (1500-1600
m asl), were selected as study catchments.
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2.2 Field measurements

Aerial photographs of the study area taken in 1957, 1972, and 2005 (1:50,000 scale) were used for the analysis.
Geometric rectification and photogrammetric restitutions were performed using ground control points, and
a DEM (10 m pixel size) for the 2005 orthophotograph with positional accuracy in terms of root-mean-
square errors (RMSExyz) of 2.4, 3.7, and 3.5 m was constructed. The geometric rectification performed by
co-registration with the 2005 orthophotograph resulted in root-mean-square errors (RMSExy) of 3.7–3.8 and
3.2–3.4 m for the 1957 and 1972 aerial photographs. In the field surveys conducted in 2005, the dimensions
of gully cross-sections and the length of each gully section were measured for 127 gully points selected from
the Rift margin catchments and 139 gully points selected from the Valley floor catchments.

After the field measurement in the 12 study catchments, relationships between the volume of a gully network
(V , 103m3) and the length of the gully network (L, km) (a V-L relation) was calculated as V = 0.870L 1.406

(n = 12,r 2 = 0.963). This power function was used to estimate the volumes of gully networks in 1957 and
1972. The area-specific volume of a gully network (Va , 103 m3 km-2) was estimated by the equation of Va =
V /A where A (km2) is the catchment area of the gully network. A gully erosion rate in a mass unit for each
of the catchments (EM ; 103 Mg y-1) was estimated by the equation of EM = (V end BD end -V start BD
start) / (Y end – Y start) whereBD (Mg m-3) is the approximation of soil bulk density and Y is year (1957,
1972, and 2005); the subscriptsstart and end represent the starting and ending years of estimation. Similarly,
an area-specific gully erosion rate in a mass unit (AEM ; Mg ha-1 y-1) was estimated by the equation of
AEM = (V endBD end / A end -V start BD start /A start) / (Y end –Y start). Information on land use/cover
in the 12 catchments was collected from the 2005 field survey, interviews, and aerophoto-interpretation.

Some geomorphic indices were used to analyse the temporal changes in areal and relief aspects of the study
catchments in 1957, 1972, and 2005: (i) compactness coefficient (CC ; Gravelius, 1914);wherePe (km) is
catchment perimeter. (ii) Form factor (FF ; Horton, 1932); FF = A /HL 2

π where HL (km) is maximum
catchment length. (iii) Relief ratio (RR ; Schumm, 1956);RR = HDC / HL where HDC (km) is a height
difference between the outlet (Hmin ) and the highest point in the catchment (Hmax ). The absolute elevation
difference within the catchment (HDC ) represents the potential energy available for soil erosion (Verstraeten,
& Poesen, 2001). A high relief ratio corresponds to a more pronounced topography and thus to a higher
erosion risk (Verstraeten, & Poesen, 2001). (iv) Lemniscate ratio (LR ; Chorley, Malm, & Poaorzelski, 1957);
LR = HL 2

π / 4A . (v) Hypsometric integral (HI ; simplified equation of the elevation-relief ratio proposed
by Pike & Wilson (1971) was used);HI = (Hmean - Hmin ) / (Hmax - Hmin ) whereHmean is the mean height
in a catchment. The lower values of LR and CC and the higher value ofFF indicate the more compact shape
of the catchment and hence the lesser time of concentration for runoff and the more soil erosion (Morgan,
1996). Strahler (1952) found that a catchment at a younger evolutionary stage is highly susceptible to erosion
and has a largeHI value, but it decreases as the landscape is denuded towards a stage of maturity and old
age. The HI value can be used as an estimator of erosion status of catchments (Singh, Sarangi, & Sharma,
2008), such as the watershed is old and fully stabilized (HI [?] 0.3); equilibrium or mature stage (0.3[?]
HI [?]0.6); and disequilibrium or young stage (HI [?] 0.6), in which the watershed is highly susceptible to
erosion (Strahler 1952). Values of the parameters that used to express the geomorphic indices, such asA ,
Pe , ground heights, HL , were obtained from the DEM for the 2005 orthophotograph using ArcGIS 10.1
(ESRI, Redlands) and the 2005 field survey.

Gully topographic thresholds, the relationships of the slopes at the gully heads (s ) that were formed before
1957, between 1957 and 1972, and between 1972 and 2005 and the upslope drainage areas of the gully heads
(a ) were investigated for the main gully channels of the sub-areas. Land use/cover in the 12 catchments was
categorised into forest, grassland, and farmland on 1957 and 1972 aerial images and 2005 orthophotographs,
and each polygon area was obtained by using ArcGIS.

2.3 Long-term gully volume change

Changes in both mean volume of the gully networks (V ) and mean area-specific volume of the gully networks
(Va ) for the two sub-areas from 1957 to 2005 were well approximated by exponential functions (R2 = 0.99;
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Mukai, 2017). During the entire study period, V of the gully networks in the two sub-areas were almost
the same scale, whereas Vaof the gully network in the Rift margin sub-area was always higher than that
in the Valley floor sub-area, and the gap between the two sub-areas widened as time passed. The mean
area-specific gully erosion rate (AEM ) for the 12 catchments from 1957 to 2005 was 16.2 Mg ha-1 y-1; 25.1
Mg ha-1 y-1 for the Rift margin and 10.5 Mg ha-1 y-1 for the Valley bottom sub-areas.

2.4 Statistical analysis

The geomorphic parameters (HL , A , Pe , andHDC ) and indices (CC , FF , RR , LR , andHI ) of
the catchments were grouped according to the Rift margin and Valley floor derivations. Normality of each
geomorphic parameter and index in each group was tested with the Kolmogorov-Smirnov test (α = 0.05)
and the Shapiro-Wilk test (α = 0.05), and homogeneity of variance was tested with the Levene test (α =
0.05). For the parameters and indices that were tested for normality and homogeneity of variance, a t-test
was applied to detect differences in the mean values between the two groups; otherwise, a non-parametric
test was applied.

Least square regression analysis was applied for log-transformeds (slope of the gully head) and a (upslope
drainage area) to draw the threshold line that represented the gully topographical thresholds at each of
the 12 main study gullies on a double logarithmic chart. Based on the appearance of the 12 threshold
lines, hypotheses were made, and the topographical threshold of gully heads were categorised into different
subgroups, e.g., periods of gully head incision or land use items around gully heads. Analysis of covariance
(ANCOVA) was made to find there were significant differences (α = 0.05) in the mean values of the dependent
variable (s or a ) between the different subgroups (controlled independent variable, or factor) while taking
into account the influence of the uncontrolled independent variable (a or s as a covariate). ANCOVA
assumes that: (i) the dependent variables are normally distributed, and those variances are equal overall
subpopulations; (ii) the interaction between the factor and covariate are negligible; (iii) a linear relationship
between the covariate and dependent variable. In the analysis, these assumptions were tested, and post hoc
tests were made using the Bonferroni correction method to find the subgroups that had significant differences
in the mean values. SPSS ver. 20 (IBM) was used for the statistical analyses.

RESULTS

3.1 Temporal and spatial dynamics of catchment geomorphic characteristics

All values of the catchment geomorphic parameters, HL (maximum catchment length), A (catchment area),
Pe (catchment perimeter), and HDC (height difference between the outlet and the highest point) showed
increasing tendencies as the gully networks expanded over time (Table 1). Over the three years, 1957, 1972,
and 2005, no areal aspect of catchment geomorphic parameters, HL ,A , and Pe , showed any significant
differences (p> 0.05) between the two sub-areas. The same was true for the catchment areal aspect indices,
LR (lemniscate ratio),CC (compactness coefficient), and FF (form factor; Table 1). Besides, no notable
increasing or decreasing tendencies inLR , CC , and FF were observed over the three periods. The relation-
ships between HL and A (Figure 3 (a)) and Pe and A (Figure 3 (b)) showed the same spatial and temporal
trends; (i) regardless of the year and sub-area, all the data appeared to be positioned on the linear lines
that represented theHL -A and Pe -A relationships; and (ii) the Valley bottom stretched the HL -A and Pe
-Alinear lines over time, i.e., the Valley bottom main gullies largely extended in terms of all of the HL , A ,
and Pe over time, whereas the temporal changes were limited for the Rift margin main gullies.

In contrast, the catchment relief aspect parameter HDC (height difference for catchments) showed a sig-
nificant difference (p< 0.01) between the two sub-areas (Table 1). The same was true for the catchment
relief aspect indices, RR (relief ratio) andHI (hypsometric integral). Over the three years, eitherHDC or
RR values have not changed much for the Rift margin (0.38-0.40 or 0.12-0.14) or Valley bottom (0.08-0.11
or 0.05-0.06) sub-areas. However, the HDCs of the Rift margin in 1957 and 1972 were approximately 4.8
times higher than those of the Valley bottom, indicating the catchments in the Rift margin sub-area had
more erosive runoff that had higher potential energy for soil erosion and, therefore, had a higher erosion
risk than those in the Valley bottom sub-area since the gully incision. The HI values of the Rift margin
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shifted from 0.37 in 1957 to 0.33 in 2005, indicating the catchments were always at the equilibrium or mature
stage, whereas those of the Valley bottom shifted from 0.60 in 1957 and 1972 to 0.47 in 2005, indicating
the catchments recently have developed from disequilibrium/young stage to equilibrium/mature stage. The
relationship between HL andHDC , which corresponds to RR (Figure 3 (c)) showed a contrasting trend
between the sub-areas; (i) regardless of the years, all the data appeared to be positioned on the linear lines
representing the HL-HDC relationships, i.e., maintaining almost the sameRR values, which were specific to
each sub-area; and (ii) the Valley bottom main gullies largely extended in terms of both height difference
(HDC ) and catchment length (HL ). In contrast, the temporal changes were limited for the Rift margin
main gullies.

3.2 Spatial and temporal dynamics of gully topographical thresholds

All the topographical thresholds of the gully heads in the 12 main gully channels were approximated by
the lines that represented power functions (Figure 4(a) for the Rift margin and Figure 4(b) for the Valley
bottom); the coefficients of determination were 0.63-0.89 (the mean 0.76) for the Rift margin and 0.65-
0.99 (the mean 0.84) for the Valley bottom. Besides the threshold lines for each main gully channel, the
topographical thresholds of the gully heads categorised by gully head incision periods (before 1957, 1957-
1972, and 1972-2005) in a sub-area can be approximated by the lines representing power functions (Figures
4(c)); the coefficients of determination were 0.82-0.88 for the Rift margin and 0.82-0.87 for the Valley bottom.
It appeared that 2 data for the Rift margin and 3 data for the Valley bottom were outliers (rounded by solid
red lines in Figures 4(a) and 4(b)). All of these gully heads were formed at lower threshold levels than those
of each corresponding period. According to aerophoto-interpretation and field observations, it was evident
that the formation of these gully heads was influenced by roads (cattle passageway). Nyssen et al. (2002)
found that the slope gradients of the gully heads influenced by the road were lower than those without the
influence of the road (not statistically significant); lowering topographic threshold levels. Thus, these outliers
were excluded from the subsequent analysis.

For both the sub-areas, 3 threshold lines for before 1957, 1957-1972, and 1972-2005 appear to be parallel
with one another, and as time passes, they shifted towards the origin, i.e., in equation (1), the exponent b
values were rather static, whereas the threshold coefficient k values decreased over time. ANCOVA for the 3
subgroups of the (i) before 1957, (ii) 1957-1972, and (iii) 1972-2005 for the Rift margin found the hypothesis
of no interaction between the 3 subgroups and the covariate s was rejected (α = 0.05), i.e., the 3 threshold
lines cannot be paralleled with one another. However, ANCOVA for the 3 subgroups of the (iv) before 1957,
(v) 1957-1972, and (vi) 1972-2005 for the Valley bottom found that all the ANCOVA-assumptions were
fulfilled, indicating the 3 threshold lines can be paralleled with one another. The post hoc tests showed that
there were significant difference between (i) before 1957 and (iii) 1972-2005 and between (ii) 1957-1972 and
(iii) 1972-2005. Thus, the threshold lines representing gully head positions in the Valley bottom sub-area
maintained almost the same exponent b while the threshold coefficient kdecreased as time passed from before
1957, to 1957-1972, and to 1972-2005.

The threshold lines that represented the land use items (forest, grassland, and farmland) around the position
of the gully head in the two sub-areas (Figure 4(d)) can be approximated by power functions; the coefficients
of determination were 0.62-0.95 for the Rift margin and 0.80-0.89 for the Valley bottom. ANCOVAs both
for the 3 subgroups of the (i) forest, (ii) grassland, and (iii) farmland in the Rift margin and for the 3
subgroups of the (iv) forest, (v) grassland, and (vi) farmland in the Valley bottom found that all the
ANCOVA-assumptions were fulfilled, indicating the 3 threshold lines in each sub-area can be paralleled with
one another. The post hoc tests showed that there were significant differences between all pairs of the land
use items for both the sub-areas. Thus, the threshold lines in both the Rift margin and Valley bottom
sub-areas maintained almost the same exponent b(0.506-0.598 for the Rift margin and 0.286–0.354 for the
Valley bottom) while the threshold coefficient k significantly decreased as the land use around the gully
heads shifted from forest, to grassland, and to farmland in both the sub-areas.

Examination of land use/cover items around the gully heads formed before 1957, 1957-1972, and 1972-2005
found that, in both the sub-areas, forest had the highest frequencies (82% for the Rift margin and 60% for
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the Valley bottom) for the gully heads that began incision before 1957 (Table 2). Similarly, grassland had
the highest (similarly, 100% and 71%) for the 1957-1972 gully heads, and farmland had the highest (97%
and 100%) for the 1972-2005 gully heads. Thus, the high threshold levels for gully heads incised before 1957
and 1957-1972 in both sub-areas can be best explained by the relatively high resistance to erosion due to the
protective vegetation cover. In both the sub-areas, land use/cover has continuously changed in the direction
of reducing vegetation cover in the catchment since the initial gully incision. That induced reductions in the
gully topographical threshold levels, which can significantly influence a further increase in gully erosion and
gully network expansion.

DISCUSSION

In the evolutionary process of the gully network, the main gully channels of both the sub-areas expanded
maintaining almost the same risk of soil erosion hazard specific to each sub-area. The difference in dynamic
movements of the catchment geomorphic indices observed between the sub-areas is likely to be reflected by the
gully network evolutionary processes specific to each sub-area. In the Valley floor catchments, gully incision
started within the uppermost dense forests or grassland (all the main gullies except Hadaware) before 1957,
and then they extended downwards to flat farmlands via steep slope hillsides and gentle slope farmlands as
a fierce land use/cover changes occurred during the subsequent periods by 2005 (Figure 3 in Mukai (2017)).
Because Hadaware (A = 6.1 km2 in 2005) had the dense forests and grassland at the middle reach of the
catchment before 1957, the gully heads incised there had over 1.5 km2upslope drainage areas (three data
rounded by red dot-line in Figure 4(b)). Then, from the middle reach gully channels formed before 1957,
the Hadaware main gully extended to both upward and downward directions along slope. In contrast, no
distinctive trend was observed in the starting points of gully incisions in the Rift margin catchments (Figure
3 in Mukai (2017)). In Figure 4(a), the gully heads incised before 1957 in the Rift margin sub-area can be
categorised into two groups: one is the 8 gully heads that had narrow areas (7-67 ha) and steeper slopes
(0.4-2.2 m/m) and another is 4 gully heads that had broader catchment areas (67-376 ha) and gentle slopes
(0.04-0.08 m/m; rounded by red dot-line in the Figure). The former 8 gully heads incised in forest area
(blue diamond-shaped markers in Figure (d)) in the southern margin of the Tebba Gersa mountainous area
or fault scarp, while the latter 4 gully heads incised in grassland area at the middle or lower reaches of the
catchments. Then, from these short short-distance discontinuous gully channels formed before 1957, the
main gullies extended to both upward and downward directions along slope. The positions of gully head
incision before 1957 in the Rift margin sub-area can be explained by the topographical threshold of the gully
head induced by the land use/cover at that time. Thus, the catchment areas (A ), maximum catchment
length (HL ), and the height difference between the outlet and the highest point (HDC ) of the Rift margin
sub-area showed only slight increases over the three periods.

Gómez Gutiérrez, Schnabel, & Lavadzo (2009) determined topographical threshold equations of the gully
heads in the 99.5 ha catchment over the 6 periods between 1945 and 2006, which had considerable land
use/cover changes. The sequential topographical threshold equations showed that the values of the b exponent
(equation (1)) were more or less regular for the entire period (0.46-0.68), while the kcoefficients varied almost
in an order of magnitude (0.02-0.15) and seem to reflect land use changes. Torri & Poesen (2014) examined
63 reported topographical threshold equations from various parts of the world and found the exponent b
varied slightly with land use while the median coefficient k increased from cropland to forest via grazing
land/pasture. These findings were in line with the ones obtained from this study. The b exponent values
for the Rift margin that oscillated between 0.51 and 0.60 were similar to ˜0.5 for permanent channels and
Hortonian overland flow proposed by Montgomery and Dietrich (1994). The b exponent values for the
Valley bottom that oscillated between 0.29 and 0.35 were similar to 0.20 (Zucca et al., 2006) and low b
-values (0.10-0.30) observed in some areas in Mediterranean Europe, which may indicate subsurface process
(Vandekerckhove et al., 2006). In the Valley bottom sub-area, Vertisols dominate over a wide area in
the lower reach of the catchments, where subsurface erosion represented by soil piping due to tunnelling
(Bernatek-Jakiel & Poesen, 2018) are common.

The steeper slopes inherent in the Rift margin catchments have contributed to a higher risk of soil erosion
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hazard in the sub-area since gully incision, which is likely to affect more rapid change particularly in Va

(area-specific gully volume of a gully network) in the Rift margin sub-area. It is because the areal aspect of
the catchment geomorphic parameters had a relatively strong or strong correlation with only V (volume of a
gully network) over 1957, 1972, and 2005, whereas relief aspect of the catchment geomorphic parameters had
a relatively strong or strong correlation with bothV and Va (Mukai, 2017). This agrees with Verstraeten
& Poesen (2001), Tamene et al. (2006) and Haregeweyn et al. (2008). A previous study stated that the
rates of land use/cover changes in the catchments between the two periods significantly and relative strongly
or strongly correlated with only V (Mukai, 2017). Thus, the temporal changes in the areal aspect of the
catchment morphology and land use/cover in the catchments can be responsible for the continuous increases
in V that had almost the same scale between the two sub-areas over time.

The combination of photogrammetric techniques, the V –Lrelation, and field measurements and interviews is
probably a method that enables to assess spatial and temporal interactions between environmental changes
and gully erosion/gully head positions.

CONCLUSIONS

As gully networks expand, catchment geomorphic parameters and indices change. The temporal changes in
these parameters and indices are influenced by the temporal evolutionary processes of the gully networks
specific to each sub-area. The temporal evolutionary process of the network depends on the positions of gully
heads and discontinuous gullies formed particularly at the gully incision time. Those gully head positions
were determined by the topographical threshold equations of the sub-area and land use/cover at that time
because the threshold equations were a function of dominant erosion process specific to a sub-area and the
topographical threshold levels significantly differed between land use/cover items.

Despite the difference observed in the gully network evolutionary process between the sub-areas, the areal
aspect catchment geomorphic indices, which can have a significant impact on V , did not show any increasing
or decreasing tendencies over time. The relief aspect catchment geomorphic indices, which can have a
significant impact onVa , also have maintained similar patterns of spatial and temporal changes; their spatial
difference inherent between the sub-areas has been maintained over time. Spatial variation and temporal
changes in land use/cover items can be another driving force ofV . Since the initial gully incision, land
use/cover items have changed to reduce vegetation cover continuously and to lower topographical threshold
levels in both the sub-areas. Thus, the spatial variability and its temporal changes in relief aspect of the
catchment morphology specific to each sub-area can be responsible for the different patterns of increases in
Va between the sub-areas. The continuous reduction in vegetation cover induced by the changes in land
use/cover over time can be the main driving force of the similar scale and changing patterns of V between
the sub-areas.
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TABLE 1 Catchment geomorphic parameters and indices in 1957, 1972, and 2005

Study catchments 2005 2005 2005 2005 2005 2005 2005 2005 2005 1972 1972 1972 1972 1972 1972 1972 1972 1972

A HL Pe LR CC FF HDC RR HI A HL Pe LR CC FF HDC RR HI
Boruamba 3.5 4.2 9.8 4.0 1.5 0.20 0.50 0.12 0.33 3.5 4.2 9.8 4.0 1.5 0.20 0.50 0.12 0.33
Telilo 2.6 4.2 8.3 5.3 1.5 0.15 0.40 0.10 0.43 0.9 3.2 6.4 8.7 1.9 0.09 0.32 0.10 0.58
Adare 1.2 3.4 6.8 7.8 1.8 0.10 0.39 0.11 0.33 0.7 2.6 5.2 7.2 1.7 0.11 0.37 0.14 0.39
Gebruamba 2.8 4.1 8.1 4.7 1.4 0.17 0.40 0.10 0.34 2.8 4.1 8.1 4.7 1.4 0.17 0.40 0.10 0.34
Koka 0.8 2.5 4.9 5.7 1.5 0.14 0.32 0.13 0.22 0.8 2.5 4.9 5.7 1.5 0.14 0.32 0.13 0.22
Hadaware 6.1 6.2 15.6 4.9 1.8 0.16 0.19 0.03 0.52 3.4 4.6 9.3 5.0 1.4 0.16 0.13 0.03 0.65
Abharo 4.3 6.0 10.0 6.5 1.4 0.12 0.15 0.03 0.36 1.0 2.5 5.0 5.0 1.4 0.16 0.11 0.04 0.58
Kawa Adami 1.2 3.3 6.6 7.3 1.7 0.11 0.14 0.04 0.49 0.2 1.0 1.9 3.4 1.2 0.23 0.05 0.05 0.78
Aware 5.9 7.5 15.0 7.4 1.7 0.11 0.18 0.02 0.49 2.6 3.6 7.3 4.1 1.3 0.19 0.07 0.02 0.59
Odalega 4.0 5.8 11.6 6.6 1.6 0.12 0.17 0.03 0.47 0.8 1.8 3.7 3.4 1.2 0.23 0.07 0.04 0.62
Merko 0.1 0.6 3.2 3.6 3.4 0.22 0.07 0.12 0.47 0.1 0.5 1.2 3.0 1.4 0.26 0.06 0.12 0.49
Goro 0.1 0.7 1.6 4.3 1.5 0.18 0.07 0.10 0.54 0.1 0.7 1.6 4.3 1.5 0.18 0.07 0.10 0.54
Rift margin Valley bottom P -value Mean 2.2 3.1 ns 2.7 3.7 4.3 ns 4.0 7.6 9.1 ns 8.5 5.5 5.8 ns 5.7 1.5 1.9 ns 1.7 0.15 0.15 ns 0.15 0.40 0.14 ** 0.25 0.11 0.05 ** 0.08 0.33 0.48 ** 0.42 1.8 1.2 ns 1.4 3.3 2.1 ns 2.6 6.9 4.3 ns 5.4 6.1 4.0 ns 4.9 1.6 1.3 ns 1.4 0.14 0.20 ns 0.18 0.38 0.08 ** 0.21 0.12 0.06 ** 0.08 0.37 0.61 ** 0.51

Study catchments 1957 1957 1957 1957 1957 1957 1957 1957 1957 1957 1957 1957

A HL Pe LR CC CC FF FF FF HDC RR HI
Boruamba 3.5 4.2 9.8 4.0 1.5 1.5 0.20 0.20 0.20 0.50 0.12 0.33
Telilo 0.9 2.9 5.9 7.7 1.8 1.8 0.10 0.10 0.10 0.32 0.11 0.58
Adare 0.7 2.6 5.2 7.2 1.7 1.7 0.11 0.11 0.11 0.37 0.14 0.39
Gebruamba 2.8 4.1 8.1 4.7 1.4 1.4 0.17 0.17 0.17 0.40 0.10 0.34
Koka 0.8 2.5 4.9 5.7 1.5 1.5 0.14 0.14 0.14 0.32 0.13 0.22
Hadaware 3.4 4.6 9.3 5.0 1.4 1.4 0.16 0.16 0.16 0.13 0.03 0.65
Abharo 1.0 2.5 5.0 5.0 1.4 1.4 0.16 0.16 0.16 0.11 0.04 0.58
Kawa Adami 0.1 0.7 1.3 3.2 1.1 1.1 0.25 0.25 0.25 0.05 0.07 0.78
Aware 1.7 3.0 6.0 4.2 1.3 1.3 0.19 0.19 0.19 0.09 0.03 0.62
Odalega 0.2 1.1 2.2 4.4 1.3 1.3 0.18 0.18 0.18 0.05 0.05 0.62
Merko 0.1 0.5 1.2 3.0 3.0 1.3 1.3 0.26 0.06 0.06 0.12 0.49
Goro 0.1 0.7 1.6 4.3 4.3 1.5 1.5 0.18 0.07 0.07 0.10 0.54
Rift margin Valley bottom P -value Mean 1.8 0.9 ns 1.3 3.3 1.9 ns 2.4 6.8 3.8 ns 5.0 5.8 4.2 ns 4.9 5.8 4.2 ns 4.9 1.6 1.5 ns 1.5 1.6 1.5 ns 1.5 0.14 0.20 ns 0.17 0.38 0.08 ** 0.21 0.38 0.08 ** 0.21 0.12 0.06 ** 0.09 0.37 0.61 ** 0.50

Catchment area (A ; km2); maximum catchment length (HL ; km); catchment perimeter (Pe ; km); lem-
niscate ratio (LR ); compactness coefficient (CC ); form factor (FF ); height difference between the outlet
and the highest point (HDC ; km); relief ratio (RR ); hypsometric integral (HI ). ns , not significant; **P
< 0.01

TABLE 2 Land use/cover around the gully heads in 1957, 1972, and 2005

Gully head incision period n 1957 1957 1957 1972 1972 1972 2005 2005 2005

Forest Grassland Farmland Forest Grassland Farmland Forest Grassland Farmland
Rift margin Rift margin Rift margin Rift margin Rift margin Rift margin Rift margin Rift margin Rift margin Rift margin Rift margin
Before 1957 17 14 (82) 3 (18) 0 (0)
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Gully head incision period n 1957 1957 1957 1972 1972 1972 2005 2005 2005

1957–1972 6 0 (0) 6 (100) 0 (0)
1972–2005 34 0 (0) 2 (6) 32 (94)
Valley bottom Valley bottom Valley bottom Valley bottom Valley bottom Valley bottom Valley bottom Valley bottom Valley bottom Valley bottom Valley bottom
Before 1957 15 9 (60) 6 (40) 0 (0)
1957–1972 14 0 (0) 10 (71) 4 (29)
1972–2005 7 0 (0) 0 (0) 7 (100)

The numbers are frequencies followed by percentages in brackets

1 

 

 

FIGURE 1 Ethiopia (left) and the study catchment (right). Sample catchments in the Rift margin 

sub-area (1. Boruamba; 2. Telilo; 3. Adare; 4. Gebruamba; and 5. Koka) and Valley floor sub-area 

(6. Hadaware; 7. Merko; 8. Goro; 9. Abharo; 10. Kawa adami; 11. Aware; and 12. Odalega) 
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FIGURE 2 Examples of gully cross-sections in the rift margin ((a), (b), and (c)) and the valley 

bottom ((d), (e), and (f)) sub-areas. All photos were taken in 2005 or 2006. (a) The southeastern 

cliff of the Rift margin plateau, which is located in the most upper reaches of the Rift margin 

gullies, (b) Boruamba main gully channel 0.7 km downward from the foot of the southeastern cliff 

(10.9 m top width and 10.3 m depth), (c) 2.3 km downward from (b) (12.5 m top width and 9.2 m 

depth), (d) Abharo main gully channel 0.3 km downward from the southern foot of Merko hill (4.7 

m top width and 2.8 m depth), (e) 1.2 km far from (d) (9.6 m top width and 5.6 m depth), (f) 3.7 km 

far from (e) (8.1 m top width and 4.6 m depth) 
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FIGURE 3 Spatial and temporal dynamics in the relationships between catchment geomorphic 

parameters over 1957, 1972, and 2005 for 5 catchments in the Rift margin sub-area and 7 

catchments in the Valley bottom sub-area: (a) the maximum catchment length (HL) and catchment 

area (A); (b) the catchment perimeter (Pe) and catchment area (A); and (c) the maximum catchment 

length (HL) and height difference for the catchment (HDC) 
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