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Abstract The Simien Mountains house several endan-

gered and endemic wildlife species and provide important

ecosystem services. Despite its regional environmental

importance, the Simien Mountains are listed as World

Heritage in Danger since 1997. This raised the need for an

evaluation of landscape changes from before the estab-

lishment of the Simien Mountain National Park (SMNP) in

1969. For this purpose, historical terrestrial photographs

(1966–2009) were re-analyzed from 2014 repeats, using an

expert rating system with eight correspondents. An

increase in forest was observed in the eastern and western

edge of the SMNP at Sankaber and Imet Gogo (20–40%).

In contrast, centrally in the SMNP (around Gich), the area

covered with dense forest decreased with an estimated rate

of -1.4% per decade. There is no significant effect

(p[ 0.05) of the boundary of the SMNP on woody vege-

tation change, because of continued anthropogenic pressure

(especially wood cutting and livestock grazing) inside the

SMNP. Also elevation and distance to scout camps do not

affect rates of change, and however, the density of houses

within 2.2 km (a proxy of population pressure) is able to

explain 32% of the spatial distribution of woody vegeta-

tion decrease (p\ 0.05). A subset of six repeated pho-

tographs, indicated an uplift of the treeline by more than

1 m year-1, in areas with low anthropogenic pressure. This

is potentially related to increasing (average annual) tem-

perature warming of up to 1.5 �C over the past 50 years.

Overall, further reduction in anthropogenic pressure is

urgent and crucial for recovery of the afro-alpine vegeta-

tion and the interrelated endangered wildlife in the Simien

Mountains.
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Introduction

Since the introduction of agriculture, land use has altered

the process of land cover changes (Goudie 2006; Houghton

1994). At present, land use and land cover (LUC) dynamics

form one of the key research imperatives in the global

change framework (Geist and Lambin 2001). African

tropical mountain areas generally have a greater vulnera-

bility to LUC changes due to the high population density

and the presence of steep slopes (Lambin 1997). LUC

change studies in the north Ethiopian highlands indicated

that the highland vegetation significantly changed during

the second half of the twentieth century (Bewket 2002; de

Mûelenaere et al. 2014; Tegene 2002; Tekle and Hedlund

2000; Zeleke and Hurni 2001). Most of these studies focus

on LUC changes in the subalpine highlands and indicate a

trend of deforestation in favor of cultivation land. How-

ever, little is known about vegetation changes in the upper

afro-alpine zone and about changes in the treeline at this

elevation. Wondie et al. (2011) studied land cover changes

in the Simien highlands from Landsat images of 1984 and

2003 and indicated an increase in the Erica forest and a

decrease in the agricultural land. Wondie et al. (2011) also

stress the need for more land cover change studies, going

back to the origin of the National Park in 1969. This is

especially interesting, because the Simien highlands have a

long-lasting history of intensified land use.

Improved understanding of the high-altitude afro-alpine

vegetation is important given the ecosystem services pro-

vided by the afro-alpine vegetation (Aerts et al. 2002; Miehe

and Miehe 1994). The afro-alpine forest with its woody and

epiphytic biomass is important for providing forest products,

for storing carbon dioxide, for slope stability and regionally

as a hygric buffer (Miehe and Miehe 1994; Markart et al.

2007). The mountain forests play a key role in the ecosystem

stability by capturing and storing rainfall, regulating flows,

reducing soil erosion and protecting against floods, land-

slides and rock fall (Aerts et al. 2002; Miehe and Miehe

1994). The ecology and richness of the highland vegetation

play a vital role for clean and steady water discharge. These

mountain environments are also hot spots of biodiversity,

due to high habitat diversity caused by a compression of

climatic zones and differences in microclimate, exposure,

soil integrity and slope steepness (Spehn et al. 2006). The

afro-alpine vegetation of the Ethiopian highlands provides a

habitat for several endangered endemic species such as the

iconic and severely endangered Ethiopian wolf (Canis

simensis) and Walia ibex (Capra walie) (Marino 2003).

Because of the potential impact of climate change on the

important ecosystem services of the afro-alpine vegetation, a

better understanding of vegetation dynamics in the African

tropical highlands is needed.

Repeat photography proved to be a valuable tool to

study such long-term landscape changes (Webb et al.

2010). Historical photographs contain detailed landscape

information, which is not documented by systematic aerial

photography and satellite imagery (Roush et al. 2007).

Repeat photography has been used in a wide range of

applications (Webb et al. 2010): documenting gully head

retreat rates (e.g., Frankl et al. 2012), long-term environ-

mental changes (e.g., Nyssen et al. 2014a), vegetation

changes (e.g., Pickard 2002), glacier fluctuations (e.g.,

Roush et al. 2007) and plant phenology (e.g., Crimmins

and Crimmins 2008).

In addition, vegetation cover changes in the Simien

Mountains are also important in the context of climate

change. Average temperatures have risen worldwide during

the past century, a change that is most prominent and rapid at

high altitudes and latitudes (Harsch et al. 2009). The tem-

perature-sensitive upper Erica arborea L. forest in the

Simien Mountains is potentially responsive to climate

warming (Holtmeier and Broll 2005). Consequently, this

vegetation belt can be studied to highlight effects of global

warming (Holtmeier and Broll 2007). The high-altitude

forest limit is one of themost apparent vegetation boundaries

worldwide. The transition from closed montane forests to

treeless afro-alpine vegetation forms a steep gradient where

the treeline ecotone may contain fragmented forest stands

with stunted trees (Körner and Paulsen 2004). The response

of the treeline ecotone to the present climate change in the

tropics and in the southern hemisphere is scarcely investi-

gated compared to treeline dynamics at higher northern lat-

itudes (Holtmeier and Broll 2007). Jacob et al. (2015)

reviewed treeline dynamics in the African tropical highlands

and demonstrated that treelines are, in general, limited below

their climatic limit due to high anthropogenic influences, but

many uncertainties remain. The aim of this study is to detect

both land cover changes and treeline dynamics in the afro-

alpine belt of the Simien Mountains using repeat pho-

tographs (1966–2014) and to understand the biophysical and

social drivers of these changes.

Materials and methods

Study area

The Simien massif (13�140 N, 38� 210 E) is home to the

highest peak of Ethiopia, the Ras Dejen Mt (4540 m)

(Fig. 1). The massif is a remnant of a major Oligo-Miocene

shield volcano, deeply eroded by the Tekeze River and its

tributaries, which practically encircles the massif (Kieffer

et al. 2004). The high Simien Mountains form the most

northern limit of glaciation in East Africa during the LGM
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(Hendrickx et al. 2015; Hurni 2015). The mountain climate

of the Simien Mountains is characterized by frequent frost,

occasional snow at high elevations and frequent hailstorms

(Hurni 1988; Sebald 1968). Mean daily temperature ranges

between minimum 1.5 �C and maximum 14.6 �C (Hurni

and Stähli 1982). Rainfall in the Simien Mountains follows

a unimodal rainfall pattern with high mean annual rainfall,

1515 mm at Gich camp (Hurni and Stähli 1982). The

rainfall decreases from north to south in the Simien

Mountains, associated with the 1000-m-high escarpment.

At the end of the rainy season, in the period of September–

October, clear mornings are frequently followed by a

strong buildup of fog and cause heavy rain and hailstorms

at night (Hurni and Stähli 1982).

The SMNP was created in 1969, a period when 80% of

the park was subjected to human use through livestock

grazing, cultivation and settlements (Debonnet et al. 2006).

Population growth forced people to cultivate higher and on

steeper areas, even marginal lands up to 3800 m a.s.l. were

converted into cultivation land (Keiner 2000). The stocking

density in the SMNP is also high (up to 55 Tropical

Livestock Units (TLU)/km2 in Gich) which affects the

afro-alpine grasslands at higher elevations through home

herding (Keiner 2000). In 1978, the park was listed as

World Heritage and in 1997 due to the continued popula-

tion pressure and decline of the flagship species as World

Heritage in Danger. At present, the number of tourists in

the SMNP has grown which has strengthen conservation,

but at the same time there is a significant risk that poorly

regulated tourism development will become problematic

for the SMNP environment (EWCA 2015).

The vegetation in the Simien Mountains can be classi-

fied according to three distinct elevation belts. Between

2000 m and up to 3500 m NE and 3300 m SE the ever-

green afro-montane forest prevails. This belt is rich in

species with large trees such as Prunus africana and Ha-

genia abyssinica at the wetter northern slopes and domi-

nated by Olea europaea subsp. cuspidate at the drier south-

southeast-facing slopes. Juniperus procera is less common

in the Simien Mountains (Friis and Ryding 2001). The

ericaceous belt between 2900 and 3700 m includes the tree

heather Erica arborea joined by Hypericum revolutum, as

well as Nuxia congesta in the lower elevations (Klötzli

1958; Nievergelt et al. 1998). Above 3700 m, the afro-

Fig. 1 Location of the study

area with indication of the

approximate cluster boundaries;

the boundary of the Kona-Sona

lowlands is formed by the

northern escarpment. In the

south the boundary is less sharp
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alpine zone prevails with afro-alpine grasslands dotted with

giant Lobelias (Lobelia rhynchopetalum) and different

types of short- and long-grass steppes (Festuca macro-

phylla, Carex erythrorhiza) and mires (Hurni and Stähli

1982). The Simien Mountains are home to several endemic

species, of which many are endangered due to habitat

fragmentation and destruction caused by human impact

(Alemayehu et al. 2011; Yihune et al. 2009). In 2009, the

UNESCO and IUCN initiated a joint mission to assess the

state of the SMNP and to guide the park toward a state that

would justify its removal from the World Heritages in

Danger (Debonnet et al. 2006).

Repeat photography

For this study, 98 terrestrial oblique photographs of the

Simien Mountains were collected dating back between the

1960s and 2009 (Table 1). The photographs were origi-

nally taken by Bernhard Nievergelt, Larry Workman, Hans

Hurni and Jan Nyssen during various expeditions in the

Simien Mountains. The photographs were selected because

they give a unique representation of historical vegetation

cover on the slopes of the Simien Mountains. With the aim

of comparing the past vegetation cover with the current

situation, the photographs were repeated in November

2014. The viewpoint of the photographs was relocated

using the photo metadata and through pre-screening of the

landscape in Google Earth. The exact camera position

requires precise repositioning of the camera and the pho-

tocomposition (Hall 2001). To achieve this, near and dis-

tant objects were mentally lined up in the field in a

triangulation system (Nyssen et al. 2009b). Several pho-

tographs were taken along two lines crossing (with a 90�

angle) at the relocated camera position and the best fit was

selected on-screen (Frankl et al. 2011). To reduce

geometrical errors, the skyline and topography from the

historical photographs were used as reference to slightly

rotate, rescale and crop the repeated photographs (Frankl

et al. 2011).

Expert ratings and vegetation change

Land cover changes between the photo-couples were ana-

lyzed by eight scientists with a longstanding research

experience in vegetation dynamics in the Ethiopian high-

lands or elsewhere. They originate from four different

research institutes: the physical research group of Ghent

University, the laboratory of Wood Biology and Xylarium

from the Royal Museum for Central Africa, The Centre for

Development and Environment of Bern University and the

department of Land Resource and Environmental Protec-

tion from Mekelle University. To avoid bias, uninter-

pretable areas due to foreground errors, shadows or

obstructions were masked on each photograph of each

photo-pair used for comparison. In addition, photographs

representing different major topographic entities were split

in separate photographs for evaluation. The 98 historical

photographs represent 59 different photo-locations,

because some landscapes have been repeatedly pho-

tographed at different time steps.

The expert evaluation was performed on these 59 photo-

locations subdivided in 98 on-screen photo-pair interpre-

tations (multiple photographs per site). The experts esti-

mated the land cover distribution as a percentage of the

complete scenery (online resource 1) (Nyssen et al. 2014b).

Based on field experience, nine major land cover classes

were determined:

• Areas covered by forest. Subdivided between (1) open

forest if the wooded area has\50% canopy cover and

(2) dense forest if the canopy cover is[50%.

Table 1 Historical photographs

used in analysis (n = 98)
Year Authors Photographs Photo-cluster location

1966–1968 Bernhard Nievergelta 6 Bwahit, Gich, Imet Gogo

1971–1978 Bernhard Nievergelta 5 Gich, Imet Gogo, Lowlands

Larry Workmanb 13 Imet Gogo, Lowlands, Sankaber

Hans Hurnic 10 Bwahit, Imet Gogo, Lowlands

1980–1983 Bernhard Nievergelta 5 Gich, Imet Gogo, Lowlands

Hans Hurnic 19 Gich, Lowlands, Sankaber

1993–1999 Bernhard Nievergelta 9 Bwahit, Gich, Imet Gogo, Lowlands

Hans Hurnic 25 Bwahit, Gich, Imet Gogo, Lowlands

2009 Jan Nyssend 6 Bwahit, Gich, Lowlands

a Nievergelt et al. (1998)
b Private collection
c Centre for Development and Environment, University of Bern
d Department of Geography, Ghent University
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• Shrubland: areas dominated by shrubs, generally emit-

ted to surface cover only (e.g., Solanum sessilistella-

tum, Rosa abyssinica).

• Grasslands: areas covered by grass species such as

Danthonia, Festuca or Koeleria. A subdivision between

short-grass steppe (if 20–40 cm high) and long-grass

steppe (if 40–80 cm) (Nievergelt et al. 1998) proved

difficult for the interpretation.

• Lobelia: areas covered by Lobelia rhynchopetalum.

• Cultivation lands: areas under crops and fallow land.

• Rock outcrop: non-vegetated areas dominated by

outcropping rock.

• Settlements and infrastructure: areas dominated by the

presence of buildup areas (i.e., roads, campsites,

houses).

The recommendations of Nyssen et al. (2014b) were

adopted to correct the landscape evaluation for outliers.

This implies that for every photo-couple, the two inter-

pretations with the largest deviation were excluded from

the calculation of the average photo-interpretation. From

the remaining interpretations, the average land cover

change was calculated for each class. In order to compare

these rates between the photo-couples, the annual rate of

change was derived by dividing the difference in area

occupied by each land cover class by the number of years

between the photographs. From this annual rate of change,

the decadal change was derived through multiplication

with 10 in line with Masubelele et al. (2015). For further

analysis, the individual observations were clustered by

altitudinal belts and sites, i.e., the Sankaber, Bwahit, Gich,

Imet Gogo mountain areas and the lowland (2000–3000 m

a.s.l.) areas. These five clusters are used to describe and

compare land cover dynamics in the Simien Mountains.

Woody vegetation

The land cover classes shrubland, open and dense forest

were summed to derive a value for changes of the woody

vegetation in the Simien Mountains. To understand tem-

poral changes in woody vegetation since inscription on the

World Heritage list in 1978, the observations were divided

in two periods 1966–1978 and 1980–2009 in comparison

with the current situation (2014). The land cover changes

were subdivided in two temporal periods because (1) the

SMNP was enlisted on the World Heritage list in 1978 and

(2) the temporal range of the photographs can be grossly

divided in two groups. The changes are mapped for the

area within a range of 2.2 km around the observation

(center of the pictured landscape) using inverse distance

weighting (IDW) interpolation with smooth function

(ArcGIS). This distance corresponds with the daily travel

range of herders (Nyssen et al. 2009a). The 1000-m-high

escarpments form a structural boundary in the landscape

and are therefore set as a hard boundary limiting the

interpolated influence zone of the observations.

In order to explain the observed spatial pattern of woody

vegetation changes in the Simien Mountains, four potential

explanatory factors were measured for every observation:

(1) inside or outside the National Park boundary, (2) ele-

vation, (3) population density and (4) distance to the

nearest scout camp. The population density is derived from

the density of houses within 2.2 km of the observation

point, taking into account the escarpment as a topographic

boundary. A one-way ANOVA test was used to test whe-

ther there is a significant difference between the areas

outside and inside the National Park and a multiple linear

regression was used to estimate the effect of population

density, distance to scout camp and elevation on woody

vegetation change.

Treeline repeats

The Erica treeline is visible for four different mountain

slopes on nine photo-pairs. These photographs are valuable

since they provide long-term detailed evidence on treeline

dynamics. The procedure of Van Bogaert et al. (2011) was

used to study such dynamics. In this procedure, the phys-

iognomic treeline boundary is set to 30% tree cover and

prominent landmarks at the vicinity of the historical tree-

line are used as a proxy for the historical treeline elevation.

Therefore, the 30% forest cover boundary is delimited

with an isoline on the photograph, and global navigation

satellite system (GNSS) points were collected from land-

marks and from the current treeline elevation. Conse-

quently, treeline dynamics were derived from the

difference in elevation between the landmark and the

current treeline. In order to compare treeline shift between

the photo-pairs (with different time spans), the annual shift

rate was calculated assuming a linear advance in time. A

similar approach was used to study differences in the upper

tree limit for 6 photo-locations (11 photo-pairs), using

elevations of the upper individuals derived from Google

Earth.

Results

Vegetation cover change

In the highlands, grassland is the most important land cover

class, and it ranges between 33 and 67% of the total veg-

etation cover. This is, however, decreasing around Sank-

aber (-4%) and Imet Gogo (-9%), where grassland is

removed in favor of woody vegetation. Beside grassland,

rock outcrop is also decreasing in most sites. On the other
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hand, cropland increased in the Kona-Sona lowlands

(?1%) and also in the highlands in Gich (?2%) and around

Bwahit (?2%) area (online resource 2).

Decadal changes (Fig. 2) indicate an increase in the

dense forest in all areas except in Gich. There, the dense

forest decreased with a rate of -1.4% of the total area per

decade and also the area covered by grasslands is

decreasing, while cropland is the most important growing

class (?1% per decade). Around Bwahit, there is also a

considerable increase in the area covered by cropland

(?0.5% per decade). Although dense forest increased

around Bwahit, open forest and bushland decreased here.

The cropland area also increased in the Kona-Sona low-

lands (?0.2% per decade). However, the most important

increasing class in the Kona-Sona lowlands is dense forest

with ?1.4% per decade at the expense of open forest,

grassland and rock outcrop. Vegetation cover similarly

increased around Sankaber and Imet Gogo; in both areas

grassland decreased in favor of dense and open forest. The

increase in dense forest is especially high in Imet Gogo

(?1.4% per decade).

Woody vegetation change

The average woody vegetation change is negative

(-1.8%) outside the SMNP and positive (1.4%) inside the

SMNP, but an ANOVA test shows that this difference is

not significant for all time periods (p[ 0.05) (online

resource 3). The boundary of the National Park is not

significantly explaining for changes to woody vegetation

in the Simien Mountains. This absence of impact of the

National Park is also visible on the woody vegetation

cover change map for the period after 1978 (Fig. 3).

Changes in the woody vegetation after 1978 are limited

throughout the study area, the majority of observations

showing a small increase. The observed changes since the

period before 1978 are more diverse. Around Gich, woody

vegetation clearly decreased (-30 to -10%), while

around Sankaber and Imet Gogo there is a remarkable

increase in woody vegetation (20–40%). In online resource

4, such increase in woody vegetation at the Jinbar valley

(part of the Imet Gogo cluster) is illustrated by a sequence

of repeated photographs. Over the full period, woody

vegetation slightly increased in the major part of the study

area, except for decreasing woody vegetation areas around

Gich, Argin and in the Kona-Sona lowlands and strongly

increasing woody vegetation around Sankaber and Imet

Gogo (Fig. 3).

Elevation and distance to scout camps are not significant

as explanatory variables for the observed pattern of woody

vegetation change (p[ 0.05), but the density of houses is

significant (p\ 0.05). The density of houses in a zonation

Fig. 2 Decadal land cover changes in the Simien Mountains as derived from repeat photographs for a Bwahit area, b Imet Gogo area, c Lowland

areas north of the escarpment, d Gich area and e Sankaber area
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Fig. 3 Woody vegetation (WV) cover change maps for 2014, as compared to a 1966–1978, b 1980–2009 and c 1966–2009
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of 2.2 km, around the center of the pictured landscape, is

used as a proxy for the population pressure and explains

32% of the observed spatial variation for the total period

(online resource 3).

Treeline dynamics

The elevation of the present physiognomic treeline is

situated between 3810 m in Jinbar valley and 4005 m

upslope from Argin village. Similarly, the upper indi-

viduals are situated at 3827 m in Jinbar valley and

4053 m, upslope from Argin village. On the Set Derek

and Saha photographs, there are no Erica arborea trees in

1973. But, on the recent photographs in 2014, shrub-sized

Erica trees appear. The upper tree limit is thus shifting

upwards.

Repeated photographs of the treeline indicate a treeline

rise in all pictured sites, but there are many local differ-

ences (Table 2). The average annual rise of the physiog-

nomic treeline is 1.1 m but with a large standard deviation

(0.9 m). The upward shift of the upper treeline is faster

with 2.6 ± 1.6 m per year on average. The annual rise of

the treeline is especially high at Inatye mountain with

5.1 m year-1 between 1966 and 2014. The physiognomic

treeline in Jinbar valley shifted upwards with 1.5 m year-1

since 1966. As stated before there was a fire in the 1970s;

after this fire the upward shift continued at a similar rate

(1.1 m year-1 since 1978). In Seketate (online resource 5)

and Argin valley, the physiognomic treeline rose, respec-

tively, with 2.5 and 3.1 m year-1 during the last 20 years

(since 1994).

Discussion

Land use and National Park management

Remarkably, the establishment of the National Park did

not induce a significant increase in woody vegetation.

This can be partly explained by early colonization of

marginal lands in the Kona-Sona lowlands outside the NP,

which leaves limited space for further expansion of the

cultivation land. In fact, a reversal has been observed

whereby abandoned marginal cultivated lands on steep

slopes in the Kona-Sona lowlands have been revegetated

(online resource 6). On the other hand, continued

anthropogenic pressure within the National Park is

responsible for the lack of differences seen across the

National Park boundary. The area covered by grassland is

relatively stable; it is only lost to forests in Sankaber and

in Imet Gogo. Unfortunately, this study gives no insight

into the condition of the grassland. Nevertheless, the

condition of the grass is of key concern for the ecosystem.

The SMNP survey of 1996 indicated that only 15% of the

grass in the SMNP was in a natural state, while 25% was

heavily overgrazed and 60% heavily grazed (Nievergelt

et al. 1998). Livestock pressure is even increasing due to

a ban on the expansion of cultivation land in Gich. The

people shifted their livelihood strategy toward increased

livestock in reaction to this limitation of the cultivation

land (Debonnet et al. 2006).

During the civil war in 1985, rebels occupied the SMNP.

Although the Walia ibex population was heavily poached

in that period, the natural resources of the park were not

Table 2 Dynamics of the upper and physiognomic treeline derived from repeat photographs of the Simien Mountains

Slope exposition Peak (m asl) Interval Years Upper

individuals

Shift (m) Physiognomic

treeline

Shift Annual

rate

(m year-1)

Old New Old New p–t u–t

Jinbar valley SE 4051 1966–2014 48 3791 3827 36 3736 3810 74 0.8 1.5

1973–2014 41 3812 3827 15 n/a 0.4 n/a

1978–2014 36 3821 3827 6 3771 3810 39 0.2 1.1

1993/1994–2014 21 3827 3827 0 3787 3810 23 0 1.1

Inatye Mt. NW 4070 1966–2014 48 3791 3900 109 3631 3876 245 2.3 5.1

1996–2014 18 3876 3900 24 3791 3876 85 1.3 4.7

Seketate valley NW 4181 1994–2014 20 3991 4040 49 3941 3991 50 2.5 2.5

SE 4237 1994–2014 20 4020 4036 15 3940 3975 35 0.8 1.8

Argin village E 4246 1994–2014 20 4005 4053 48 3941 4005 61 2.4 3.1

Set Derek W 3913 1973–2014 41 \3830 3887 [57 n/a [1.4 n/a

Saha 3785 1973–2014 41 \3700 3762 [62 n/a [1.5 n/a
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significantly affected (Debonnet et al. 2006). The area

around Sankaber is the best protected area of the National

Park, completely protected since 15 years (Hans Hurni,

personal observations). Direct proximity to the guarded

scout camp of Sankaber potentially explains the observed

increase in woody vegetation. But the scout camps of Gich

and Chennek have no positive effect on woody vegetation

changes. Moreover, the areas surrounding Gich and

Chennek camp show a decrease in the woody vegetation

likely the result of the growing population in Gich and

Argin. Strong human pressure on the environment was also

observed in proximate mountain environments and

National Parks (Mugagga et al. 2012). Severe erosion due

to the replacement of forests by agriculture and settlements

is observed in Mount Kilimanjaro (Soini 2005; Yanda and

Shishira 2001), while at Mount Elgon similar anthro-

pogenic disturbances cause an increase in landslides (Mu-

gagga et al. 2012).

In contrast to our findings, Wondie et al. (2011)

observed a decrease in cropland and an increase in forest

between 1983 and 2003 in the SMNP. This decrease in

cropland is mainly due to the abandonment of agricultural

land below Sankaber camp between 1985 and 2003

(Wondie et al. 2011). However, there is no evidence for

the existence of cropland in this area on the historical

photograph of Larry Workman from 1973 (online

resource 1). Nevertheless, both studies indicate an (on

average) overall increase in dense forest (Wondie et al.

2011). Yet, more important are the spatial patterns of

woody vegetation change, which are revealed in our study

and indicate the negative influences of continued anthro-

pogenic pressure.

The continued loss of woody vegetation at the village of

Gich is clearly indicated in our study. This is a well-known

concern for sustainable management of the SMNP. Previ-

ously in 1979, seven villages inside the National Park were

moved out of the Park (Debonnet et al. 2006). The reset-

tlement of Gich is part of a longstanding discussion and

one of the priorities foreseen in the current plan of action.

The villagers are encouraged to resettle on a voluntary

basis to the town of Debark in exchange of land and

compensation (EWCA 2015). Gich accounts for almost

half of the remaining households in the National Park.

Continued cultivation of the highly degraded croplands

forms a serious threat. In Gich, the people are dependent on

food aid for 5–6 months per year (EWCA 2015). Beside

the resettlement of villagers, the park boundaries were

realigned to exclude villages at the boundary of the park

and at the same time to include Mesarerya and Lemalimo

Wildlife Reserves. As a result, the park was expanded to

almost 10,000 hectares and the population within the

National Park was reduced to 1300 people (Debonnet et al.

2006) and a further expansion took place in 2008. These

initiatives are part of the UNESCO/IUCN mission to guide

the SMNP toward removal from the danger list.

Upwards shift of the Erica treeline

Upward movement of alpine trees, in areas under less

anthropogenic pressure, was observed in the Simien

Mountains (online resource 7). The observed shift near

Seketate and Argin is remarkable given the vicinity of the

villages of Seketate and Argin. However, at the ridge

between the two valleys there is a scout house within 1 km

from the upper forest of Argin and 2 km from the upper

forest of Seketate. Evidence of an upwards shift of the

upper treeline in the Simien Mountains, since the early

twentieth century, is also given by Hurni (2005). Repeat

photographs near the almost inaccessible Silki Mountain

massif, between 1905 (from F. Rosen) and 2004, indicate a

rise of the Erica arborea L. forests by about 150 m.

Such evidences of a risen treeline elevation in areas

under low anthropogenic pressure suggest a potential cli-

matic effect (Hurni 2005). The observed upward treeline

shift of 150 m corresponds with a temperature effect

between 0.5 and 1.5 �C since 1966, according to the alti-

tudinal temperature lapse rate for East Africa of 0.6 �C per

100 m (Peyron et al. 2000). This indirect evidence of cli-

mate warming is of the same magnitude as the observed

0.37 �C increase per decade between 1951 and 2005 for

Ethiopia (Tadege 2007). Similar vegetation responses to

increasing temperatures in the Ethiopian Highlands, during

the early Holocene (Umer et al. 2007) and after the Little

Ice Age (Bonnefille and Umer 1994), are clearly demon-

strated by ratios of Ericaceae pollen derived from the Bale

and Arsi Mountains, respectively.

Conclusion

The Simien Mountains provide a habitat for several

endangered endemic species and provide important

ecosystem services to the environment. However, since

1997, the Simien Mountains have been listed as a World

Heritage Site in Danger. Landscape changes derived from

repeat photographs (from the period 1966–2009) indicate

that the contemporary landscape (2014) is still under

anthropogenic pressure. This is especially the case around

the villages of Gich and Argin. On the other hand, this

study also indicates that the woody vegetation has

increased around Sankaber and Imet Gogo. Moreover, in

locations isolated from anthropogenic pressure an increase

in the upper treeline is observed, which is potentially

related to a climate warming of 1.5 �C over the last

50 years. Continued reduction in the anthropogenic pres-

sure, especially livestock grazing and wood cutting, is thus
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a key element for a recovery of the afro-alpine vegetation

and associated wildlife habitat.
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