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SUMMARY. — Over the previous hundred and forty years, unsustainable land use in

North Ethiopia's semi-arid mountains led to severe land degradation and the development
of dense gully and river networks. This is evidenced by historical photographs, showing a
landscape where land-use intensification and decreased vegetation cover have resulted in
very dynamic gullies and river channels since the 1970s. In order to understand gully and
river channel dynamics and the relation with environmental controls, a set of fifty-seven
historical photographs (dated between 1868 and 1994) were precisely repeated in the
 period 2006-2009. Qualitative and quantitative analysis indicate that 92.7 % of the gully
and river sections increased in cross-sectional area. The average annual incision rate for
the quantified cross-sections was 0.04 m yr-1, with a maximum average annual incision rate
of 0.13 m yr-1. Such extreme values were recorded in the Vertisols, where the maximum
gully depth increased by 4.49 m over thirty-five years. The last observations in 2009
showed that 23 % of the gully and river channels have been stabilizing thanks to the imple-
mentation of soil and water conservation measures (e.g., exclosures and stone bunds) since
the 1980s. 

TREFWOORDEN. — Noord-Ethiopië; Ravijnerosie; Herhaningsfotografie; Rivierkanaal. 
SAMENVATTING. — Dynamiek van ravijn- en riviererosie in Noord-Ethiopië sinds 1868:

diachronische analyse van terrestrische foto’s. — Over de voorbije honderd veertig jaar
leidde een weinig duurzaam landgebruik in het semi-aride gebergte van Noord-Ethiopië
tot ernstige landdegradatie en de vorming van dichte ravijnnetwerken. Dit blijkt uit
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 historische foto’s die een landschap weergeven waar de toenemende landgebruikintensiteit
en de afname van begroeiing resulteerde in erg dynamische ravijnen en rivierkanalen sinds
de jaren 1970. Om de dynamiek van ravijnen en rivierkanalen en de relatie met  bepalende
milieu factoren te begrijpen, zijn een set van zeven en vijtig historische foto’s (genomen
tussen 1868 en 1994) precies herhaald tussen 2006 en 2009. De kwalitatieve en kwantita-
tieve analyses tonen aan dat 92,7 % van de dwars-secties in oppervlakte zijn toegenomen.
De gemiddelde jaarlijkse insnijding van de gekwantificeerde dwars-secties bedroeg
0,04 m yr-1, met een maximale waarde van 0,13 m yr-1. Dergelijke extreme  waarden wer-
den bekomen in Vertisolen, waar de maximale insnijding 4,49 m bedroeg over vijf en der-
tig jaar. Bij de laatste waarnemingen in 2009 bleek dat 23 % van de ravijnen en
 rivierkanalen, dankzij de implementatie van bodem- en waterconserveringmaatregelen
(bijvoorbeeld, voor begrazing gesloten gebieden en stenen taluds), sinds de jaren 1980
 stabiliseren.

MOTS-CLES. — Ethiopie du Nord; Ravinement; Photographie diachronique; Lit de
rivière.

RESUME. — Dynamique du ravinement et des rivières en Ethiopie du Nord depuis 1868:
analyse diachronique de photographies terrestres. — Au cours des cent quarante dernières
années, l’utilisation non durable des terres dans les montagnes semi-arides de l’Ethiopie
du Nord a mené à une sévère dégradation terrestre et à la formation de réseaux denses de
ravins et rivières. Ceci est démontré par des photos historiques, montrant un paysage où
l’intensification de l’utilisation des terres et la dégradation de la couverture végétale ont
fait apparaître des ravins et rivières particulièrement dynamiques depuis les années 1970.
Pour comprendre cette dynamique ainsi que sa relation avec les facteurs environnemen-
taux, cinquante-sept photos historiques (prises entre 1868 et 1994) ont été répétées
 exactement entre 2006 et 2009. L’analyse qualitative et quantitative montre que 92,7 %
des sections transversales ont augmenté en superficie. L’incision moyenne annuelle des
sections transversales quantifiées est de 0,04 m an-1, avec une valeur maximale de 0,13 m
an-1. Ces valeurs extrêmes ont été mesurées dans des Vertisols, où l’incision maximale
enregistrée sur trente-cinq ans a été de 4,49 m. Les dernières observations en 2009 ont
montré que 23 % des sections sont en cours de stabilisation grâce à la mise en œuvre de
mesures de conservation du sol et de l’eau (reboisements et terrassements) depuis les
années 1980.

1. Introduction

The Northern Ethiopian Highlands are suffering from severe land degradation,
evident in dense gully and river networks. Their occurrence is linked to a pover-
ty-driven unsustainable use of the land in a vulnerable semi-arid environment
where bare slopes offer little resistance to intense rainfall, which affect the
Highlands especially in August and early September. Over the past hundred and
forty years — since the time photography first evidenced gully erosion — gullies
have become widespread. Today, they constitute a serious problem for humans
and the environment. Gully and river channel erosion is reducing agricultural
production through soil loss and aridification, disconnecting rural areas, and
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enhancing  landscape connectivity for runoff and sediment, causing flooding and
water pollution by down-valley sediment (VALENTIN et al. 2005). 

Improved insights into gully and river channel development and their relation
to triggering factors can contribute to sustainable development in North Ethiopia.
Especially because most Ethiopians rely on land resources for their livelihood
(BEYENE et al. 2006), in a subsistence economy where food security is low (FAO
2009) and regularly threatened by drought.

Repeated historical terrestrial photographs offer a valuable tool for analysing
long-term changes in environmental features. Repeat photography has been used
in a wide range of environments for studying dynamics in environmental change
(e.g. MOLINA et al. 2004; MUNRO et al. 2008; NYSSEN et al. 2009, 2008b; ROUSH et
al. 2007). It has however seldom been used to study gully erosion (e.g. GRAF

1982, TRIMBLE 1998, WILLIAMS 1978), and so far, no techniques have been devel-
oped for quantifying gully erosion rates from repeat photography.

The objectives of this study are therefore to develop a methodology that uses
repeat photography to assess gully erosion rates over the past hundred and forty
years, before aerial photography and beyond human memory. This allows to
refine the assessment of gully erosion rates by means of aerial photography
(SHIBRU DABA et al. 2003) and interview techniques (MOGES & HOLDEN 2008,
NYSSEN et al. 2006, SHOWERS 1996) and to present long-term (> 100 yr.) trends in
gully erosion. These trends can then be correlated to changing environmental
characteristics and allow to understand the fast environmental degradation that
started in the second half of the 20th century in North Ethiopia.

2. Material and Methods

2.1. STUDY AREA

This study deals with an area of 104 km² in the Northern Ethiopian Highlands,
which mainly drains to the Tekeze-Nile basin and partially to the Rift Valley
(fig. 1). The Highlands border the Rift Valley on the west and are mainly composed
of Mesozoic limestone and sandstone covered by Tertiary volcanics (MERLA et al.
1979). The uplift of these lithological units over the past twenty-five million years
(WILLIAMS & WILLIAMS 1980) and their differential resistance to erosion gave the
Highlands their typical relief of stepped, flat-topped mountains (ambas),  dissected
by canyon-like valleys. Elevation ranges between 1,500 and 4,000 m a.s.l.

The natural environment of the Northern Ethiopian Highlands is highly
degraded (VIRGO & MUNRO 1978). Young soils prevail in the study area (NYSSEN

et al. 2008a, VAN DE WAUW et al. 2008), and the original Afromontane forests
have long been reduced to small patches around churches; shrub and tree cover
on cultivated land and pastures is very low (HTS 1976, WILSON 1977, NYSSEN et
al. 2004a).

02-frankl-:Opmaak 1  5/07/11  11:45  Pagina 267



— 268 —

Fig. 1. — Study area and historical camera locations.
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Located in the sub-Saharan semi-arid belt, the Northern Ethiopian Highlands
region is one of the world’s most drought-prone zones. The contrasting climate
with a long dry season and a short rainy season is driven by the position of the
Inter-Tropical Convergence Zone (ROBINSON & HENDERSON-SELLERS 1999). Its
passage over the Highlands from March until May announces the beginning of
the monsoon-type rainy season, with maximum intensity in August and early
September. Annual precipitation in the study area increases from north to south,
ranging between 500 and 900 mm yr-1.

Since the 1980s, huge efforts in soil and water conservation have been made
to tackle environmental degradation (NYSSEN et al. 2004a). Biophysical conserva-
tion structures have been implemented, such as the closure of steep slopes for
vegetation recovery (“exclosures”, see background fig. 3; DESCHEEMAEKER et al.
2006), the establishment of stone bunds on farmland for slope stabilization (see
fig. 2; NYSSEN et al. 2008b) and the construction of check dams in gullies to trap
sediment (NYSSEN et al. 2004b).

2.2. REPEAT PHOTOGRAPHY

For this study, fifty-seven historical photographs, dated from 1868 until 1994,
were selected (tab. 1, fig. 1, NYSSEN et al. 2010). They were originally taken by
scientists, tourists and soldiers who were documenting the Northern Ethiopian
landscapes on their itinerary and provide us with a random sample of the state of
gullies and river channels in Northern Ethiopia at various time intervals. In order
to allow comparison between the previous and current situation, the photographs
were repeated from 2006 until 2009 according to the technique of repeat photo -
graphy of HALL (2001, p. 27): “Repeat photography means retaking photographs
from the same spot and of the same subject several times. It requires the accurate
replacement of the camera and composition of the subject”. After relocating the
approximate camera position of the photographs, the exact camera position and
orientation were obtained by lining up near and distant objects in a triangulation
system (NYSSEN et al. 2009).

The quantitative analysis of gully cross-sections (see section 2.3) required that
the historical and repeat photographs were (almost) geometrically identical.
Therefore, the contours of stable landscape features such as the skyline, cliffs,
large rocks, old trees and churches were digitized on the historical photographs
with Adobe® Illustrator. These digitized features were then used to slightly rotate,
rescale and crop the repeated photographs to the format of historical photograph
(fig. 2). Under the assumption that both historical and repeated photographs were
taken with the same normal lens, deformation properties were identical for the
time-lapsed photographs. Each match was visually checked on-screen by layer-
ing the repeated photograph on the historical photograph, gradually increasing its
transparency. 
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2.3. ANALYSIS OF GULLY AND RIVER CHANNEL DEVELOPMENT

In a first step, the gully and river channels displayed on the paired photographs
were analysed qualitatively, by assessing the channel dynamics of gullies and
rivers visually (FRANKL et al. 2011). A distinction could be made between low and
high dynamic channels. This was based on the cross-sectional shape of the chan-
nel, the presence of vegetation in the channel, the occurrence of mobile bed mate-
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Fig. 2. — Example of a geometrically nearly identical photo-couple. Cross-section properties: his-
torical photograph: top width (TW) = 6.55 m, depth (D) = 1.41m, bottom width (BW) = 1.20 m;
repeat photograph: TW = 13.60 m, D = 2.15 m, BW = 2.50 m. Location: Ayba, 12° 52’ 16’’N, 39° 33’
33’’ E. Note the construction of soil bunds for slope stabilization in the cropland (historical photo-
graph: Keith Virgo; repeat photograph: Amaury Frankl).

Table 1

Historical photographs used in analysis (n = 57)

Year Authors (and source of the photographs) Quantitative Qualitative

1868 Royal Engineers (Kings Own Museum, Lancaster, UK) 1 4

1895 Unknown photographer (Publifoto – Olycom) 1

1935 Unknown photographer (Corbis) 1

1936 Unknown Italian photographer 1

1939 Maugini (Istituto Agronomico per l’Oltremare, Firenze, I) 5

1942 Unknown photographer (Getty Images) 1

1944 David Buxton (Cambridge University) 2

1961 Dick Grove (private collection) 1

1970-1 Ernesto Abbate (MERLA et al. 1979) 2

1972-4 Ruth Trummer (private collection) 1

1974-5 Tigray Rural Development Study Group (Neil Munro,
Graham Edgeley, Vernon Robertson, Keith Virgo, Rita Ions)

16 14

1994 Francesco Dramis (private collection) 4 3

TOTAL 23 34
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rial and bank gullying and tension cracks or mass failure in the channel banks.
Low dynamic gullies or river channels would typically display a narrow active
channel, smooth cross-sectional profiles and walls overgrown by vegetation.
Mobile bed material is absent or restricted to small grain sizes. High  dynamic
gully or river channels are characterized by an active channel width equal to the
bottom width of the channel. Such channels have a close to rectangular cross-
 sectional shape with steep, well-delineated walls subject to mass failure and with
no vegetation on the channel floor and on the lower section of the walls. Mobile
bed material is present, especially in the lower sections of the gullies or rivers
where sediment deposition becomes more important. Flooding severity can
 furthermore be assessed by the size of the entrained bed particles and by flood
marks in the channel. 

In order to understand developments in gully and river channel dynamics, the
photographs were scrutinized for environmental parameters affecting runoff vol-
ume and sediment load. Important factors that could be observed were the sur-
face morphology and slope, overall vegetation cover, soil and water conservation
practices and urbanization. Whenever a road was near a studied gully or river
reach, attention was given to the configuration of the road ditch outlets.

In a second step, thirty cross-sections could be analysed quantitatively on
eighteen gully or river reaches. By layering the best fitting repeat photograph on
top of the historical photograph and by gradually decreasing its transparency, the
thirty cross-sections visible on the historical photographs could be identified on
the repeat photographs. For the previous and current situation, the observable top
width, maximum depth and bottom width of cross-sections were approximated
by dimensionless white lines with Adobe® Illustrator (fig. 2). For the current sit-
uation, these lines were calibrated by measuring the cross-sectional properties in
the field. Consequently, the cross-sectional properties displayed on the historical
photographs could be calculated as well. Five historical cross-sections were
quantified using a different methodology, through a detailed analysis of the strat-
ification of the deposits displayed in the gully wall or by assessing the body
length of a person standing on the gully shoulder. Field measurements were done
between July and September 2009.

The accuracy of these calculations was verified after the repetition of this
 procedure for three cross-sections by five experienced geomorphologists. The
average relative difference between the five evaluations and the figures obtained
in this paper was 10 % and 16 % for top width and maximum depth, respective-
ly, which are to be interpreted as maximum values, as the evaluators completed
the procedure rather quickly, without visiting the specific measuring sites, and
consequently, without fully understanding the local situation. 

The calculation of the 2009 area of cross-sections was performed with field
measurements of channel top width, bottom width and maximum depth. Historical
cross-section area was derived from historical top width and maximum depth
alone, by correcting the product of historical top width and maximum depth for
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gully cross-sectional shape. The underlying assumption for the calculation of the
historical cross-sectional area is valid whenever the top width/maximum depth
ratio remains approximately the same over time (change < 20 %). Changes in top
width, maximum depth and cross-sectional area of channels over the period con-
sidered were calculated. As a result, the cross-sections of eighteen gully or river
channel reaches could be quantified (FRANKL et al. 2011).

3. Results and Discussion

The analysed gully and river channel changes revealed that, during the studied
period, 92.7 % (n = 38) of the sections increased in cross-sectional area, either
through an increase in maximum depth, width or both. This increase could be
quantified for ten gully or river channel cross-sections and an increase in max -
imum depth or width was measured for another nine cross-sections. The average
annual incision rate for all the quantified cross-sections was 0.04 m yr-1, with a
maximum average annual incision rate of 0.13 m yr-1. Such extreme values were
recorded in the Vertisols west of the town of May Mekdan, draining an area of
approximately 50 km², where the maximum gully depth increased by 4.48 m
between 1974 and 2009. 1.32 m of gully bottom degradation could be attributed
to the period 1994-2009, corresponding to an incision rate of 0.09 m yr-1. The
decrease in maximum depth, recorded for four cross-sections, jointly occurred
together with an increase in top width that was not quantifiable, however. This is
well evidenced by the three photo-couples portraying the Agula river (fig. 3)
where the river morphologic development is the result of a strong flash floods
regime and high amounts of sediment supplied to the channel.
The quantitative analysis indicates that important changes in gully cross-

sectional area occurred after 1975. For six cross-sections, only a median area of
27.6 % of the 2009 situation came into existence before 1974-1975. The top
width of nine cross-sections reached a median of 71.4 % of their 2009 size in
1974-1975 and for the maximum depth of twelve cross-sections, a median of
65.5 % of the 2009 size was eroded by 1974-1975.
At a regional scale, in the late 19th – early 20th century, low dynamic gullies

and rivers prevailed (FRANKL et al. 2011). Gullies and — to a lesser extent —
rivers, could then be called ‘dormant’, meaning their morphology was not in
equilibrium with the prevailing conditions, but was rather inherited from a pre -
vious period when external forcing of environmental conditions — i.e. changes
in climate (precipitation and/or temperature) and land use — resulted in signific -
ant geomorphic change. The well-preserved gully and river stream-bed mor-
phology suggests that active gullying and flood-plain shaping occurred long
enough for bushy vegetation to regenerate, but not long enough for the gully to
be filled with sediment and/or to be totally smoothed out.
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Repeat photography proves to be a powerful tool, which has not yet been fully
exploited for precisely assessing environmental change and channel response. It
validates previous studies indicating a fast degrading environment in North
Ethiopia (BROWN 1973; BILLI & DRAMIS 2003; NYSSEN et al. 2004a, 2006; VIRGO

& MUNRO 1978). In addition, this study shows that efforts in soil and water con-
servation are starting to pay off. In 2009, gully and river channels were getting
less dynamic, with 23 % of the gully and river sections stabilizing and displaying
cross-sectional properties indicating stability. Here, even major rainfall events do
not result in intense flash floods, and sporadically channel reaches are converted
back into agricultural land. This is the result of soil and water conservation meas-
ures (exclosures, stone bunds, gully check dams) implemented since the 1980s at
a regional scale.

Fig. 3. — While river width strongly increased, maximum depth equally decreased. A stabilization
level in the left river bank (arrow) that is well displayed on the historical photograph was almost com-
pletely buried in 2009. Flooding of the adjacent land occurred during an extreme rainfall event at the
end of August 2009, which caused sediment deposition on the arable land close to the river. Flood
marks were recorded 0.80 m above the right river shoulder. The lady on the 1975 photograph carries
a traditional Mogogo oven cover to the market. Cross-section properties: historical photograph: D =
6.13 m; repeat photograph: D = 2.93 m. Location: Agula, 13° 41’ 33’’ N, 39° 34’ 11’’ E. Note that
exclosures were established on the distant steep slopes (historical photograph: Rita Ions; repeat pho-
tograph: Amaury Frankl).
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5. Conclusions

In the late 19th – early 20th century, gullies were already common features of
the Northern Ethiopian landscape; their low dynamic character can be derived
from their smooth cross-sections and vegetation cover within the channels. A
sudden change in slope stability and resulting activation of gully and river chan-
nels occurred in the second half of the 20th century, with historical photographs
showing gully and river sections with clear-cut walls, active head cuts, and large
volumes of debris transported by the channels. A comparison of gully and river
channels on fifty-seven historical photographs with their 2006-2009 repeat, led to
the conclusion that 92.7 % of the cross-sections increased in area. The quantit -
ative analysis of thirty cross-sections (displayed on twenty-three paired photo-
graphs) revealed that important increase in cross-sectional area occurred after
1975. In 2009, gully and river channels were getting less dynamic, as a result of
the successful implementation of soil and water conservation measures. Twenty-
three percent of the 2009 gully and river sections have stabilized and been spor -
adically converted back into agricultural land. This is a remarkable achievement
with considerable benefit for the rural population.
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