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ABSTRACT

Human induced land use and land cover (LUC) chatigesten the ecosystem services of
the vulnerable tropical afro-alpine vegetation. &al’LUC change studies are available for
the Ethiopian highlands, but relatively little isdwn about LUC change in the afro-alpine
zones. In this study, LUC changes between 1964848 were mapped for the afro-alpine
zone of Lib Amba Mountain, part of the Abune Yoddbuntains in North Ethiopia.
Historical LUC was derived from georeferenced deafetographs of 1964 and 1982, and
the present LUC (2012) from Bing Map satellite imgg Based on these successive LUC
maps a time-depth map, LUC proportions, LUC tramsitmatrices and LUC change
trajectories were calculated. Two main phases o Lthange could be distinguished
linked to the neo-Boserupian perspective. (i) Betw&964 and 1982, there was a large-
scale deforestation and general degradation ofelgetation above 3500 m, in a period of
low population pressure; (i) Between 1982 and 2042 intensification of land use
prevailed accompanied with a slight regeneratiothefvegetation and tHerica arborea L.
forest, under increased population pressure. Depg#rviews indicated that local and
governmental land management measures are veryrtempdor the protection against
vegetation depletion and soil degradation. Quickovery of the forest on Lib Amba
provides confidence that degraded afro-alpine aveadd benefit in a short time from
complete protection, given the vicinity of remaigipatches of afro-alpine vegetation.
Management interventions are thus vital to restioeeimportant ecosystem services of the

afro-alpine vegetation belt.

KEY WORDS: Human impact; Land use and land coveande; Intensification;

Deforestation; Forest recovery; Tropical highlands
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INTRODUCTION

Land use and land cover (LUC) changes induced byanuactivity have an undeniable
impact on natural vegetation cover (Lambiral., 2001; Turneget al., 1993) and on the soil
system (Brevilet al., 2014; Lehet al., 2013). African tropical mountainous areas, gdhera
have a greater vulnerability to LUC changes du¢h® high population density and the
presence of steep slopes (Lambin, 1997). The nortBéhiopian highlands suffer from
severe land degradation due to the highly intesifand usage (Nysses al., 2009d).
Several studies indicate that LUC in the Ethiopghlands have significantly changed
during the second half of the ®@entury (Amsaltet al., 2007; Bewket, 2002; Tefeet al.,
2013; Tegene, 2002; Tekle & Hedlund, 2000; Zelekdwni, 2001). The majority of these
studies indicate deforestation in favour of cultiva land as an important cause of land
degradation. However, most of these studies madegl with lower vegetation belts,
whereas LUC changes in the afro-alpine zone are Ve@gely studied. The growing
population of Ethiopia mainly lives from self-suktgince agriculture, which causes a high
pressure on the landscape’s natural resources y(Batlaal., 2014). This caused in
combination with early land cultivation several isand years ago severe soil degradation
in Ethiopia (Hurni, 1988). The effect of land cow#ranges on soil erosion in Ethiopia is
increasingly studied (Gelaw al., 2013; Gessesstal., 2014; Mekuria & Aynekulu, 2013;
Yeshanelhet al., 2015). Removal of vegetation cover historicalfsbeen a cyclic process
in Ethiopia, but overall there was a tendency dbdstation over the last one hundred year
(Bishaw, 2001). Deforestation in favour of croplaodovergrazing has many negative
effects on the soil: e.g. decreased soil deptheoisify on steep slopes, decreased surface
roughness, decreased soil organic matter conteihtgampaction. (Lemenilet al., 2005).
Despite this long history of deforestation and thigh population increase, land
rehabilitation is observed over the last two desaktethe northern Ethiopian highlands
(Lemenih & Kassa, 2014; Nyssezt al., 2009b). However, intensified anthropogenic
modifications of the vegetation cover (LUC change{l increased climatic stress (drought)
on the vegetation have increased the vulneraldfityhe land to degradation (Frardtlal.,
2011, 2013b). Lanckriedt al. (2014) emphasize the importance of the politicallegical

system and its conservatory policies for land deégfian cycles. However, these drivers of
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dynamics of occupation and cultivation may not ppligable to the afro-alpine areas in the
Ethiopian mountains, as they were occupied mucremagently (Hurni & Messerli, 1981).
Nevertheless, insufficient investments in soil avater conservation (SWC), removal of
natural vegetation and overpopulation are detengiriactors of land degradation in the
highlands of northern Ethiopia (Amsadual., 2007).

High altitude forests and vegetation plays a ctucie in the vulnerable environment of
the northern Ethiopian highlands. On a global saales estimated that nearly half of the
human population directly or indirectly dependsveater yield from mountain catchments
(Messerli, 2004). The ecology and richness of tlgaland vegetation plays a vital role for
clean and steady water discharge. The Ethiopiamldndgs also form hot spots of
biodiversity, due to high habitat diversity caudsda compression of climatic zones and
differences in microclimate, exposure, soil intggrand slope steepness (Spehn &
Liberman, 2006). Endemic species richness is pdatily high in the north Ethiopian
highlands. The endangered Ethiopian w@#riis simensis) forms a striking well known
example, threatened by habitat destruction (Ashestad., 2005). Ecosystem stability in
the highlands is a requisite for erosion contratchment quality and biological richness
(Spehn & Liberman, 2006). By storing rainfall, higthd forests reduce soil erosion and
form a buffer against flooding in lower areas (Aettal., 2002; Miehe & Miehe, 1994).
Hence, one of the crucial elements of land managemeéhighland areas is the recovery of
forests at critical locations. Over the last fewcaldes, removal of vegetation has been
locally slowed down or reversed (Nyssen al., 2009c). Local initiatives of land
rehabilitation, afforestation and natural resoumcanagement have shown that recovery
from severe degradation is possible (Beyedl., 2000; de Mlelenaert al., 2014). This re-
greening transition is induced by environmental sesmation and policy interventions
(Belayet al., 2014). According to Nyssest al. (2009d) there was a gradual recovery of the
mountain forests in the Bela-Welleh catchment ie thorthern Ethiopian highlands,
approximately 100 kilometres north of the studyaawd this research. Hence, land
degradation is not necessarily irreversible desphiee ongoing increase of population
pressure (de Mlelenaegeal., 2014).
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An improved understanding of past and present Lb&nhges is essential to provide an
accurate analysis of the changes (Srivastetval., 2012). Human interference has a
decisive impact on these changes. Knowledge oépettof LUC changes is necessary to
enable a sustainable management of the environmérpresent, little is known about
general LUC change in the afro-alpine environmdrthe northern Ethiopian mountains.
This study provides a detailed insight in LUC chanfthe afro-alpine belt for a case study
in the north Ethiopian highlands since 1964. Thgecives of this paper are (i) detection
and analysis of LUC and their changes around th@dal mountain of Lib Amba and (ii)

determining the underlying causal factors of LU@rde in the study area.

MATERIALS AND METHODS
Sudy area

The study area of Mount Lib Amba (20 km?, 12°8'Ng°B1'E, 3993 m) is part of the
Abune Yosef Mountain Range in North Ethiopia (Fig. The highlands of Northern
Ethiopia consist of a high basaltic plateau sitdatest of the Main Ethiopian Rift (Coltorti
et al., 2007). Four rivers spring at Mount Lib Amba: Dge€in the south), Dengelsa (in the
west), Shal (in the northeast) and Golina (in tbetlseast). The first two rivers belong to
the drainage area of the Tekezze river, while @nal Golina river drain to the Western
Rift Valley in the east. The typical soils foundlaiver elevations in the basalt-dominated
highlands are reddish Skeletic Cambisols and bRetkc Vertisols (Descheemaeketral .,
2006; Van de Wauwt al., 2008). Andosols form the prevalent soil typehe afro-alpine
zone with a lower limit at 3400 - 3600 m a.s.l. (kiu& Messerli, 1981; Hurni, 1989).
There are two rainy seasons with high inter-anmagifall variability in North Ethiopia.
The main rain season is generated by the annualemment of the Intrertropical
Convergence Zone (ITCZ) (Cheusgal., 2008; Nyssemt al., 2005) and is responsible for
65-95% of the annual rainfall (Segele & Lamb, 2008)e climate in the afro-alpine zone
is moister, due to decreasing temperatures andoeatn with altitude (O’Hareet al.,
2005). Aspect, altitude and latitude are importéadtors controlling the variation of
precipitation in the Ethiopian mountains (Nys&eal., 2004, 2005).
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Small scale agriculture dominates in the valleygai8500 m, which is the altitudinal
limit of barley (Hurni & Messerli, 1981). Farmersaia flexible farming system that takes
the local environmental conditions in account. @iog systems with shorter cropping
season are generally found on the valley-side,eMoihger crop cycles are found in the
valley-bottom (Frankét al., 2013a). The crops consist mainly of barley, lsppeas, beans
and potatoes. Since 1975, Soil and Water Consernvé8WC) measurers are implemented
to limit land degradation in Ethiopia (Gebremichetedl., 2005). This is also visible in the
study area by the wide use of stone bunds at tge efithe farmland to reduce overland
flow and soil erosion. Settlements in the studyaaaee scattered and consist of small
traditional houses. Eucalyptus plantations are comm the valleys below 3500 m, along
gullies and around the villages. The populationsitgrin the study area is increased with
26% during the last decade, from 130 p/km? in 269064 p/km2 in 2010 (CIESIN &
CIAT, 2005).

The naturally occurring subalpine vegetation b&lluniper forestsJ(niperus procera)
is missing along the slopes of Lib Amba. A protddEeica forest prevails on the north side
with trees that reach up to three metres and wihupper individuals growing up to 3800
m (Jacobet al., 2014). Small patches of remnant forest with H3gh metresErica trees,
but without undergrowth are found on the southéopes of Lib Amba Mt (Fig. 2a). The
afro-alpine highlands are important for biodiversiypericum revolutum shrubs are very
common up to 3650 m, especially in places with Ietensive grazing. Whileldichrysum
citrispinum shrubs are more common at higher altitudes (Ftiial., 2010) (Fig. 2b). A
unique specie in the afro-alpine zone is giant liab@ obelia rhynchopetalum Hemdl.),
which can mostly be found at wetter depressiong. (&¢). At high altitudes the vegetation
dominated by afro-alpine tussock grasses that ak adapted to the cold mountain
environment (Friigt al., 2010) (Fig. 2d).

This afro-alpine vegetation of the Ethiopian higtda is home to a wide range of
endemic wildlife species, but fragmentation andtrdeson of the afro-alpine vegetation

threatens their habitat (Kidaret al., 2012). The population of the endangered Ethiopian



160
161
162
163
164
165
166
167

168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

183
184
185
186
187
188

wolf (Canis simensis) is estimated to be only 19 individuals in the Amba and Abune
Yosef community conservation area (Marino & Sill&habiri, 2013), other well-known
endemic species encountered in the study areahareGelada baboonTljeropithecus

gelada) and the Abysinian owlAsio abyssinicus).

Data and pre-processing

Bing maps satellite imagery (IKONOS, GeoEye) wasdu® map the LUC of 2012 and
historical LUC was derived from aerial photograpbs 1964 and 1982. Multiple
overlapping photographs were needed to cover tdysarea without cloud cover (3 for
1964 and 4 for 1982). The aerial photographs wesengptrically rectified by co-
registration with the 2012 satellite imagery aserefce (table 1). Image-to-image
registration enables identification of a large nembf corresponding points on both layers.
This method vyields reasonable results when corieglesmall areas and using a high
density of control points (Hughest al., 2006; Jamest al., 2012). For every aerial
photograph, a total of 250 co-registration pointravmanually indicated concentrated in
the study area, this is on average 2.5 points pr Khe RMSE (Root Mean Square Error)
of every georeferenced photograph was calculatenn fthe comparison between
coordinates of 20 unrelated control points on thgah photograph and the Bing Maps
imagery. The highest total RMSE is 5.92 m in x &@® m in y for the 1982 photographs
and 5.46 min x and 4.75 m in y for the 1964 phapgs (table 1).

Global Navigation Satellite System (GNSS) data fsoere collected in the field using
a Garmin eTrex H with a planimetric accuracy betw8eand 10 m. A total amount of 45
Ground Truthing (GT) points distributed in the stuadea were recorded and characterized.
For each GT point, 4 main parameters were desciib#te field: (1) different vegetation
types (2) estimation of the vegetation cover pegetation type (3) rock outcrop and (4)
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land management of the area. Accompanying grourmtoghaphs were made at the
location of each GT point. Such GT points have provaluable to map LUC (Lillesaret
al., 2008).

Land Use Cover (LUC) classification

A classification legend was developed based on &@& dnd on previous work in North
Ethiopia by Meireet al. (2013) and de Mielenaegeal. (2014). The legend is adjusted to
the ecotopes represented in the study area, eeMdnst evergreen Afromontane forest
(MAF), the ericaceous belt (EB) and theafro-alpine belt (AA) (Friis et al., 2010) and is
subcategorized by type of vegetation. The clasgiba legend consists of the following 8
classes: cropland, foreducalyptus plantation, bushland, grassland, village, rockcop
and river bed. The classes for rock outcrop aneribed have very similar textures on the
imagery, but the location makes it easy to distisiysthem. The main classes are
subdivided in subclasses: (i) Farmland is subdiVidg occurrence of stone and soil bunds
and occurrence of other vegetation or clusté&edhlyptus; (ii) Forest is subdivided in open
and dense forest; (iii) Bushland is subdividedlairpbushland, bushland mixed with grass
and bushland with scattered other vegetation; (®rpssland is subdivided in plain
grassland and grassland mixed with other vegetation

Based on this classification legend the LUC of tinee time stages (1964, 1982 and
2012) was mapped in ArcGIS with the co-registeredah photographs and Bing Maps
imagery as base layers and the GT points as fieldrence. The LUC classes were
identified on the base maps using interpretati@hrigues such as anisotropy, grey scale
and texture differences. The minimal mapable udiM{U) was derived from the largest
RMSE. The largest error of the used aerial phofggsavas 5.98 m, which occurred in a

photograph from 1982. The used MMU was thereforen10

Land Use and Land Cover (LUC) change analysis

The LUC maps were used to study LUC change betw8éd and 2012 in the afro-alpine

highlands of North Ethiopia. A time-depth map wassiructed to distinguish the areas
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that have changed with those that have a permdrié@t Because the time depth map
showed a clear distinction of change between highlaw elevated areas, the study area
was divided into two elevation zones. The elevatbmundary was taken at the 3500 m
contour line, thus accounting for the agro-ecolaizoundary of barley and other crops
(Hurni & Messerli, 1981).

Metrics of LUC and LUC change were derived forletime series and per elevation
zone. The LUC proportions reveal the trends of geaper LUC class and transition
matrices show the nature of change. Four impoitei@ change types were derived from
de Mdielenaeret al. (2014) and adapted to this research, indicatethenmatrices and
represented on a map. These change types are:

) Deforestation: the change of forest in the finstetiperiod to any other LUC class

in the second time period;

(i) Degradation: the change of bushland, grassland umaligptus plantation to
farmland, the change of farmland, bushland, gradstéand Eucalyptus plantation
to rock outcrop and the change of bushland to tgads

(i)  Forestation: the change of any other class to tores

(iv)  Vegetation increase: the change from farmland asgland to bushland and the

change from rock outcrop to grassland, bushlarieuoalyptus.

Socio-ecological dynamics of LUC change

To understand the underlying long-term social deteants of LUC changes, in-depth
interviews with key informants were conducted. Tinéerview method is based on
individual interviews with key persons and farmemdjich were asked open questions.
These questions concern interlinkages between dhicpl and ecological history of the
study area (Lanckriedt al. 2014). A total of 24 in-depth interviews were cootéd in the
Lib Amba study area with key informants in the dieThe interviews were structured and
composed of specific questions concerning the\iotg:

(1) Evolution in population density and settlement etiohs; e.gHave settlements

in the valley changed? How old is the farmland?
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(i) Crop system and livestock farming; evghich crops are grown on the farmland?
Is a cyclewith bare soil used? Is transhumance used?

(i)  Vegetation dynamics; e.®id the extent of the Erica forest change? Snce when
isthe forest protected?

Because previous research showed people can gmedise answers, stating collective
perception rather than personal experience forigtyaof reasons, a semi-structural set-up
of the questions was adapted to the surroundindsedarences were made to the landscape
at the time of the interview (Nysse&hal., 2006). A historical ground photograph of the
southern valley in the study area from 1916 wad usemake a reference to the past

environment (Jacoé al., 2014, figure 2).

RESULTS
Land Use Land Cover (LUC) maps for 1964, 1982 and 2012

The LUC of Lib Amba Mt. was mapped for the threecmassive periods (Fig. 3). These
maps reveal the vegetation boundaries of the LWSsels. Farmland is dominant in the
valleys below 3500 m, except for a small area fatimland up to almost 3700 m in 1964,
but this farmland was abandoned by 2012. The dewsistone bunds in the farmlands
increased between 1964 and 2012. Settlements adeddpread and confined to the lower
parts, but associated with population growth nettleseents were created higher up the
mountain (up to 3696 m) by 2012. The natuaica forest, growing between 3274 and
3712 m in 1964, strongly decreased. While Eucalygtrest increased in the lowlands
from a single small patch at 3332 m in 1964 to ssv@mall patches up to 3445 m in 2012.
Furthermore, in the highlands above 3700 m, plaishiand increased at the expense of
mixed grass- and bushland and grassland. The egfetite river beds in the valleys

increased considerably and was mapped on the 20C2rhap.
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Land Use and Land Cover (LUC) change

The time depth map gives an overview of the spatrad temporal distribution of the
landscape between 1964 and 2012 (Fig. 4). Promisetiie unchanged character of the
farmland in the valleys. However, in all valleys dalyptus plantations and villages
increased between 1982 and 2012, indicating thengification of land use. The
development of broader river beds below 3500 m atsturred between 1982 and 2012.
Overall, most changes occurred above 3500 m, laretls also a considerable area of
permanent bushland. The extent of the remainindrale&rica forest has had a very

dynamic character over the last 48 years.

The proportions of every LUC class of 1964, 198& 20612 reveals the major trends in
the study area (Fig. 5). Bushland (43% in 2012)fanahland (44% in 2012) are clearly the
major classestrica forest has known a severe decline in the firsyd&s (from 16% of
the study area in 1964 to 4% in 1982) and keptedesing at a slower rate after 1982.
Bushland on the contrary has constantly increasddden 1964 and 2012 (from 26% to
43%). The proportion of farmland is fairly stablkere was only a decrease between 1982
and 2012 at areas above 3600 m. Eucalyptus fovests non-existent in 1964 and are
quickly expanding (2% in 2012). Grassland doubletiieen 1964 and 1982, but dropped
back after 1982, probably due to reduced grazirterhigher areas since 2007. There was
also an increase of the proportion of the villages.

LUC transition matrices and change maps reveahttare of the long-term changes
between 1964 and 2012 (table 2). The largest ptigporof change is given by
deforestation (13.7 %), primarily forest changimgoi bushland (11.3 %). Deforestation
occurred mainly in the first phase (between 196d H982) in large patches in the north,
east and centre of the study area. On the contitaayarea with vegetation increase (8.8 %
over the whole period) is most prominent in theoselcphase (11% between 1982 and

2012). Over the full period, this change occurrdghost exclusively above 3500 m
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(12.9 %). Vegetation increase is mainly due todi@nge of farmland into bushland (5.1 %)
and grassland into bushland (3 %). Forestationnly dmited (0.2%) and primarily
occurred in the second phase in one large pattieicentre of the study area above 3500
m. Naturally, trees are not growing above the ineeht app. 3700 m, which explains a
more stable vegetation of the afro-alpine vegetagioove the treeline.

Degradation occurred in one elongated patch inntirtheast of the study area and in
some smaller patches scattered over the entire(3ré&b, almost exclusively above 3500
m). The change of bushland into grassland (1.8 8d)bashland into farmland (0.8 %) are
the main components. The rate of degradation islasirhetween the two periods, but
slightly higher in the first phase. Prominent i flower elevation zone is the considerable
change in the category ‘other change’ (8.6 %). Taportion is chiefly composed of the
transition of farmland into Eucalyptus plantatioaglage and river bed between 1982 and
2012. This represents the intensification of laiseé in the valleys. Overall, 70% of the
study area remained unchanged, chiefly comprisddrofland in the valleys (41.9 %) and

bushland on the mountain slope (22.5 %).

Eight LUC-trajectories explain 98.2 per cent of tiéC changes (table 3). The largest
proportions consist of stable non-forested areas2(460) mainly in the valleys and
continually vegetated areas (31.5 %) mainly in highlands. When considering the two
proportions of unchanged areas (together 78.7 t%@n be concluded that only 21.3 % of
the study area changed between 1964 and 2012.eG¢ thre proportions of trajectories
with a recent vegetation increase distinctly higtiem proportions of trajectories with a

recent vegetation decrease (table 3).

Drivers of LUC change dynamics

The 24 in depth interviews provide insight in thedarlying drivers of the LUC dynamics
observed in the study area. Older informants stiitadthe number of settlements began to
increase after the land reform in 1988, when fanchievas obtained from the government.
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However, many of the highest settlements are omly recent and appeared in 2007,
driven up due to the high population density in tbever areas. Cultivation of new
farmland occurred to some extent high up in thetevasvalley, but was reversed after
some time because the yield was very low. The gowent stimulated the cultivation of
Eucalyptus trees from 1991 onwards. After the daldf the Derg, the new government
also introduced several new varieties of crops tdhpo the highland conditions (from
1997 onwards).

Transhumance is practiced on a broad scale in tgeyl highlands (Nyssest al.,
2009a). This was also the case in the study arghthi@ government in 2007 prohibited
grazing in the uppermost areas. Due to this résttiaccess to fodder, the amount of
livestock was reduced. The remaining animals ap &se to the house during the rain
season and are fed straw from the land. Some imfigisralso mention the opportunity to
cut grass in the ‘highlands’ on which to feed tHeiestock and a minority declared to let
their animals graze in the ‘highlands’ illegallyrahshumance had a major impact on the
extent of theErica forest. Livestock grazing exerted high pressuréhefvegetation in the
highlands and prevented forest regeneration. Winlagddition the shepherds degraded the
forest by chopping for firewood. The degradaticertstd already in 1974, when population
density started to increase. However, during theegonent of the Derg forest cutting was
forbidden but grazing continued, further enhandegradation. However, protection of the
forest against cutting was inadequate and illegting went on. Only after the downfall of
the Derg (1990), the cutting of the forest realdased. But grazing in the forest continued
until complete protection in 2007. This social-egital background suggests, settlement
dynamics that confirm the observed past deforestamnd degradation and recent

vegetation increase and the intensification of Lid@e study area.

DISCUSSION

This research gives an extensive overview of LU@nde in the afro-alpine highlands of
northern Ethiopia over a period of 48 years (19642). Figure 6 summarizes the main

trends by plotting the LUC proportions in time tbe two elevation zones separately.
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Evolution of farmland and settlements. a neo-Boser upian per spective
In contrast to the constant proportion of farmlapdto 1982 in the study area, a significant
increase of farmland in North Ethiopia was founddeyeral studies from 1965 until the
1980’s (e.g. de Mulelenaem al. 2014; Belayet al. 2014). This difference could be
explained by the late colonisation of the highestaa (Hurni & Messerli, 1981). The
second trend of a decrease in farmland between R8P 2012 at Lib Amba is in
accordance with the regional trends reported byMdelenaereet al. (2014) and more
locally by Belayet al. (2014). The observed decrease in the second mlaaske ascribed
partly to the conversion of farmland into settletseto house the growing population and
partly to the abandonment of degraded lands witiwayield on steep slopes (Belayal.,
2014; de Mdlelenaeret al., 2014). During this period, there was also andase of the
density of stone bunds. Overall, this second phaeesponds with a period of land
intensification.

Abandonment of farmland seems contradictory toiticeeasing population density in
northern Ethiopia (e.g. Bishaw 2001 and Be&hyal. 2014). However, high population
density is not necessarily related to land degradataused by land clearing for agriculture
and overgrazing, as this can mostly be ascribedmservation policies (Hail al., 2006;
Lemenih et al., 2014). Nysseret al. (2014) even found that the increase of woody
vegetation was higher in areas with greater pojuatiensities. Our findings are thus
compatible with a neo-Boserupian perspective ofupatn-forest dynamics. Following
Boserupian theory, extensive land clearing (defates and degradation) would prevail
during human colonization under relatively low plgtion densities (i.e. the period 1964-
1982). When population pressure then rises, ndgeasiuld drive farmers to invest in
better land management and agricultural intengiéog(i.e. the period 1982-2012).

Vegetation increase by the conversion of farmlartd bushland might also have been
the result of the land reform after the downfallleé Derg. This governmental programme

focused on egalitarian land rights and effectiveplementation of soil conservation
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measurements, resulting in decreased land degvadatd a vegetation increase (Lanckriet
etal., 2012).

Another considerable proportion of farmland changetb Eucalyptus plantations
(almost 2%) after 1982. The evolution of Eucalyptpkntations occurred almost
simultaneously to the establishment of settlemanthe study area. De Mielena&teal.
(2014) found a similar result of an increasing nembf small Eucalyptus plantations on a
regional scale in the Ethiopian highlands. This &gmlitical background, along with the
change of government in 1991, the plantation ofalBytus in the private sector was
encouraged (Holdeet al., 2003).

Evolution of vegetation

A number of studies have shown a tendency of imgmm@nt of the biomass production
and recovery of the natural forest cover in mangtspaf the Ethiopian highlands, despite
the increasing population pressure. Matral. (2013) and Munret al. (2008) both found
an increased vegetation cover since 1975, baseckmeated terrestrial photographs in
Tigray. Wgien (1995) reported a remarkable regroeftithe natural forest in the Mafud
escarpment in Amhara region between 1957 and 19B&y more studies in different
districts in Amhara region observed an increaseoger by trees and forest regrowth since
the 1930’s and 1950's (Bewket, 2002; Crummey, 1998may et al., 2000). However,
these studies deal mainly with lower sub-alpineezoand the findings in this study on the
evolution of forest cover in afro-alpine areas iareontrast with the described re-greening
trend in lower areas. Since 1964, the extent offtdmest on Lib-Amba has shown an
ongoing downward trend and has been reduced toaoftction of its size. The forest very
likely had already been degrading for decades bef864 due to exploitation for fuel and
construction wood, pressure by overgrazing and tearing for agriculture (Bishaw, 2001;
Hurni, 1983). Deforestation and agricultural iniéination are also observed in the Bale
mountains (Kidaneet al., 2012). In the Simen mountains the highland fosdstws a
similar evolution near to the villages, but isothferest patches show an expansion of the
forest (Nievergelet al., 1998). A gradual recovery of the highland foriesélso observed
in the Bela Wellah catchment under government vetaiion (Nyssermt al., 2009d). This is
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in line with the recent reforestation trend in fir@tected forest in the study area and fits

within the neo-Boserupian perspective.

In contrast to the forest cover, the total amoumivoody vegetation (bushlandrica
forest andEucalyptus plantations together) in the Lib Amba study area recovered and
even increased after 1982. This is mainly as altreduthe major ongoing increase of
bushland since 1964 that occurred partly becausieeodeforestation for firewood, but can
also be explained by the recent decrease of peessulivestock grazing (Fig. 7). During
the Derg government, livestock grazing in treca forest went on but cutting the forest
was forbidden. However, the protection of the foneas inadequate and illegal cutting
could not be prevented. Local and governmentahinies for environmental conservation
and recovery are crucial for the re-greening tréherts et al., 2006; Meireet al., 2013;
Munro et al., 2008; Nysseret al., 2009d). Due to the strict protection with thidge
guards of the highland area and more specificalyetica forest in the north of Lib Amba
since six years, the forest was able to incredgatlyl. Patches of remnant forests act as
refuges and species pools and are therefore preeen important for a quick and
successful regeneration of the vegetation anditiéiversity (Aertset al., 2006).

The trend of vegetation increase and forest regoaez also reflected in the relatively
high proportions of the ‘vegetation increase’ (Gl ‘early vegetation decrease and recent
increase’ (5%) change trajectories. This trendkisly to proceed in the following years if
the protection of the forest is respected. Thedation of private initiatives in rural areas
to plant Eucalyptus for firewood and construction material (PohjonenP&kkala, 1990)
also had a positive impact on the recovery of dueinal forest (de Mlelenaeeeal., 2014;
Wagien, 1995). Despite the increasekuoicalyptus plantations, the majority of the woody

vegetation increase happened in the highest etevatine.
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CONCLUSIONS

This study gives quantitative evidences of LUC demin the afro-alpine zones of
northern Ethiopia since 1964. LUC was mapped fraraé photographs and satellite
imagery to determine the proportions of changedrahge trajectories over a period of 48
years around mount Lib Amba (3962 m). Two main pbasf LUC changes could be
distinguished. Between 1964 and 1982, large sadlarekstation and general degradation of
vegetation occurred in the afro-alpine vegetationes above 3500 m. In a second phase
between 1982 and 2012, intensification of land prewailed, accompanied by an increase
of settlements in the valleys below 3500 m. Thergjrdeforestation at Lib Amba is a clear
representation of the strongly degraded highlaridedhern Ethiopia. Change trajectories
and change maps show that there has recently bestighé regeneration of th&rica
arborea L. forest in the highest areas and a tendencpam@on farmland with low yields
on the highest slopes in the valleys. However, wgetation increase caused by these
recent tendencies in the afro-alpine area arouhddmba is still very limited compared to
other regions in northern Ethiopia. The increaseseaiflements in the second phase was
induced by the high population pressure in loweasy which forced people to move to
higher elevated areas. The natural vegetation dedrdbecause of land clearing for
farmland, woodcutting and livestock grazing. Theerd increase of woody vegetation and
the limited abandonment of farmland can be framidimvthe neo-Boserupian perspective.
Local and governmental land management measureveaye important as protection
against vegetation depletion and soil degradafitve poor management of the protected
forest during the period of the Derg governmentventéed the vegetation from restoring,
but the recent successful exclosure since 200feratro-alpine zone has already led to a
small regeneration of tHerica forest and a large impact of land management getaéon
cover. This quick response of vegetation recoveryib Amba gives confidence that other
degraded afro-alpine areas would benefit in a sheribd of time from the installation of

exclosures, given the vicinity of remaining patcbéafro-alpine vegetation.
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Table 1: Geometric accuracy of the imagery

Resolution RMSE? Date Source
RMSE X RMSE Y
Bing Maps - 2012 1m 7.9 2012 Bing maps
Time series 1982 AP* 1: 50.000 23-01-1982 EMA*
ET2 S11 29 1 0389 4.28 4.62
ET2 S11 29 1 0390 5.92 5.99
ET2 S12 30 0435 2.91 4.95
ET2 S12 30 0436 3.57 3.70
Time series 1964 AP 1: 50.000 09-11-1964 EMA
R-113 11128 4.15 4.21
R-113 11129 5.46 4.55
R-153 14479 5.45 4.75

*AP: Aerial PhotograptfRMSE: Root Mean Square Err6ALOS/PRISM as reference (Ubukawa, 2013);

“EMA: Ethiopian Mapping Agency



701  Table 2a: Land use and cover transition matrix of the entire study area 1964-2012 (surface area in
702 per cent). The colours represent the LUC change types: (red) deforestation, (brown) degradation,

703  (dark green) forestation and (light green) vegetation increase.

Land use farmland forest Eucalyptus bushland grassland village rock river bed | total
2012

Land use

1964

farmland 41.90 0.02 |1.33 5.08 0.79 0.92 0.08 | 0.50 50.63
forest 0.68 2.19 | 0.06 11.32 1.44 0.08 0.07 | 0.00 15.84
Eucalyptus | 0.00 0.00 | 0.08 0.00 0.00 0.00 0.00 | 0.00 0.09
bushland 0.76 0.13 | 0.02 22.49 1.82 0.01 0.35 | 0.00 25.59
grassland 0.39 0.03 | 0.00 3.02 1.04 0.00 0.31 | 0.00 4.79
village 0.16 0.00 | 0.07 0.00 0.00 0.14 0.00 0.00 0.37
rock 0.01 1 0.00 | 0.00 0.73 0.00 000  1.96 0.0 2.69
river bed 0.00 0.00 0.00 0.00 0.00 0.00 0.00 O 0.00
total 43.89 238 157 42.63 5.10 1.16 2.76 0.50 100.00

704
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Table 2b: Relative proportions of LUC change catisgo(derived from the LUC transition matrices)
for elevation zone 1, elevation zone 2 and forethigre study area. Prominent proportions are
represented in bold.

Relative proportions (9
Zone 1 (<3500n Zone 2 (>3500n Entire studyare:

1964-198:
deforestation 10.8 134 125
degradatio 1.C 8.3 5.9
forestatiol 0.z 0.t 0.4
vegetation increa 0.€ 5.7 4.1
other chang 1.6 0.¢ 0.¢
no chang 85.5 71.5 76.2

1982-201z
deforestatio 3.1 3.1 3.1
degradatio 1.4 5.6 4.2
forestatiol 0.5 2.k 1.6
vegetation increa 1.8 15.7 11.0
other chang 9.4 1.4 4.1
no chang 84.6 710 76.C

1964-2012
deforestatio 135 13.7 13.7
degradatio 1.C 5.1 3.7
forestatiol 0.1 0.2 0.2
vegetation increa 0.€ 129 8.8
other chang 8.6 1.kt 3.8
no chang 76.2 66.¢€ 69.8




716 Table 3: LUC change trajectories between 1964 &#i@ 2Trajectories with vegetation decrease

717  are represented in red and trajectories with véigetincrease in green

718
Change trajectory Definition Percentage of
1964 1982 2012 study area (%)

Early vegetation decree Fo/B —> Fa/G/F — Fa/G/F 21
Recent vegetation decre Fo/B — Fo/B — Fa/G/F 3.0
Early vegetation increas Fa/G/F — Fo/B — Fa/G/F 0.€
recent decrease
Early vegetation increa Fa/G/F — Fo/B — Fo/B 2.4
Recent vegetation incre: Fa/G/F — Fa/G/F — Fo/B 6.5
Early vegetation decreas Fo/B — Fa/G/F — Fo/B 4.6
recent increase
Continually vegetated are* Fo/B — Fo/B —> Fo/B 315
Stable no-forested are: Fa/GIVIF  —» Fa/G/VIFk —> Fa/G/VIF 47.2
Other trajectorie X — X — X 1.6
*Deforestatior-reforestatio Fa —» B — Fa 1.t

719 Fo, forest; B, bushland; Fa, farmland; G, grassl&dock outcrop; V, villages
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Figure 2: Land use and vegetation types: Egica arborea (b) Helichrysum citrispinum and
Hypericum revolutum shrubs, (c) Giant lobelid.¢belia rhynchopetalum Hemsl), and (d) Short and
long tussock grasseBéstuca macrophylla, Carex erythrorhiza).
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764  Figure 3: LUC maps for the three successive tirapss(1964, 1982 and 2012)
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Figure 7: Photograph of vegetation regeneratioer éiftestock removal. Young growing Erica trees
can be identified by their light green colour imgearison to the dark green colour of the older
Erica trees.



