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Cover:Erica arborealL. forest at the northern slope of Lib Amba Mounté3993
m a.s.l.) part of the Abune Yosef Mountain rangé&hwn the background the
treeline at approx. 3700 m a.s.l. Photograph tadkeMiré Jacob on 3 November
2014.
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Chapter 1

Chapter 1 General introduction

1.1 Problem statement

Mountain environments are among the most sens#ogsystems worldwide (Price and
Egan, 2014) and at the same time regionally andadjip important for their ecological,
socioeconomic and aesthetic values (Schild, 20@8untains occupy, according to the
United Nations Environment Programme World ConssmwaVionitoring Centre (UNEP-
WCMC) definition, 23% of the global land surfacedaare home to 20% of the world’s
population, of which a high proportion economicallylnerable people (Kérner and
Ohsawa, 2005; Schild, 2008). The main ecosystenicesr of mountains are threefold:
provisioning services, regulating and supportingvises, and cultural services (Korner
and Ohsawa, 2005). Each of these ecosystem semiaks specific contributions to the
vulnerable balance between the mountain environmeamd the local and global
communities. Mountain vegetation and soils are irigga for the reduction and
mitigation of natural hazards (IPCC, 2007). Moumsaalso play a key role in the water
cycle. The water holding capacity of mountain ftsess very important for this
hydrological balance (Korner and Ohsawa, 2005).aQgtobal scale, it is estimated that
nearly half of the human population directly orinedtly depends on water yield from
mountain catchments (Messerli, 2004).

At present, the fragile mountain environments angjected to a range of biophysical
and socioeconomic drivers of change, including atemchange. Disturbance of the
environmental balance threatens the ecosystemcssrvdf mountains and exposes
mountain communities and lowland communities t@hissical and socioeconomic risks.
Over the past decade, the interaction betweenrthicoement and man made changes is
rapidly risen on the international political agendath a main focus on climate change.
Mountains started to receive attention during tB821 United Nations Conference on
Environment and Development (UNCED) with a specdi@apter and there was even a
Mountain Summit in Bishkek in 2002. But despitestlgrowing awareness of the
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General introduction

importance of mountains, mountain environments menmarginalized in the global
development agendas (Schild, 2008).

In particular, relatively little is known about thiopical African highlands and
mountain forests. The tropical mountain forestg\fsica with their woody and epiphytic
biomass are important for slope stability and regily important as a hygric buffer
(Miehe and Miehe, 1994; Price, 2003). These moantarests play a key role in
capturing and storing rainfall, regulating flowgducing soil erosion and protecting
against floods, landslides and rock fall (Aertsaét 2002; Miehe and Miehe, 1994).
Ecosystem stability in the highlands is a requisiteerosion control, catchment quality
and biological richness (Spehn and Liberman, 2006 ecology and richness of the
highland vegetation plays a vital role for cleard asteady water discharge. Mountain
environments are also hot spots of biodiversitye tuhigh habitat diversity caused by a
compression of climatic zones and differences ioroglimate, exposure, soil integrity
and slope steepness (Spehn and Liberman, 2006g¢ntieidpecies richness is particularly
high in the North Ethiopian highlands. The endaadaNalia ibex Capra walig forms a
striking well known example, threatened by hahiedtruction (Gebremedhin, 2010).

Improved knowledge about the vulnerable tropicatid&in mountain forests is also
important in a global context of climate warmindielglobal average temperature has
risen during the past century, a change that ig prasninent and rapid at high altitudes
and latitudes (Harsch et al., 2009). The uppertlwmhithe tropical highland forests are
temperature sensitive and thus potentially respenis climate warming (Holtmeier and
Broll, 2007). Mountain treeline ecotones represantimportant ecological boundary
marked by an apparent transition from closed teléss alpine vegetation (Holtmeier,
2009). There are a growing number of studies atveatine dynamics in the tropics (e.qg.
Bader, 2007; Wesche et al., 2008; Sassen et dI3)2but the response to climate change
in the tropics and in the southern hemisphereilissstarcely investigated compared to
treeline dynamics at higher northern latitudes (Fegl.1) (Holtmeier and Broll, 2007).
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Figure 1.1 This map is part of a global meta-anslg$ treeline dynamics by Harsch et al.
(2009). Black circles are advancing and grey cir@dee not advancing treelines
(Harsch et al. 2009). At the same time, the distidm of the treeline sites also
illustrates the scarcity of treeline studies in so@thern hemisphere — particularly
on the African continent.

33



Chapter 1

However, all changes to the treeline cannot beilsstrto climate change only, as
tropical mountains are densely populated: 135 iithats per km? in areas above 2500 m
in Ethiopia (Huddleston et al., 2003). Humans dlyemnpact the upper treeline through
livestock herding, fire and wood harvesting. Thife@s the vulnerable mountain
environment, due to the loss and fragmentatiomaogi¢al mountain forests.

Little is known about the treeline history in trogi Africa. Some local observations in
the North Ethiopian highlands indicate a shift bé ttreeline. Nievergelt et al. (1998)
stated that the treeline raised at the easterre 2ophe Jinbar River and at the slopes of
Inatye mountain, but gives no indication of thelescaf this process. Hurni (2005)
repeated historical terrestrial photographs fromm Bosen expedition in 1905. These
unique repeat photographs span a period of 100syeftandscape changes. In two
photographs of the Silki Mountains the treelin®liserved to have been risen with 100-
200 m, reaching 3850 m a.s.l. (Figure 1.2). Hu2®06) explains this shift of the treeline
as potentially induced by global warming, but giwesfurther evidence. Until today, the
guestion whether climate change is a driver oflireedynamics in the North Ethiopian
highlands remains unanswered.

Figure 1.2 Repeat photograph from Hurni (2005) nakem above Kosso Village looking
towards the Silki Mountains. These photographsciaugi a natural regrowth of the
Erica forest and an upwards shift of the upper treeipel 00-200 m. The upper
photograph is taken by the Rosen expedition in 1868 the lower repeat
photograph is taken by Hurni in 2004.
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1.2 Thesis objectives and research gquestions

The main objective of this thesis is to provideedtdr understanding of mountain forest
cover changes and treeline dynamics in the Nortiopian highlands since the mid*20
century.

In this formulation of the objective, ‘a better @mstanding’ refers to:
- identifying spatiotemporal forest cover change grat in the North Ethiopian
mountains
- identifying treeline dynamics in the North Ethiopienountains
- identifying the drivers of these changes

It is aimed that this improved understanding opital highland forests contributes to
sustainable forest management and enhances wéleation, reduces land degradation
and improves biological richness in the North Epiem highlands.

Overall points of action undertaken to achieverttan objective were:

- to compile a large dataset of aerial and terrdspietographs of the North
Ethiopian mountains

- to assemble a network of meteorological measuresment

- to monitor soil temperature

- to acquire stem disks, increment cores and treesumements from forest plots
and transects

- to quantify land use and land cover change

- to quantify treeline dynamics

1.2.1 Research questions

The two key research questions of the thesis mag as:

- Are treelines in the tropical African highlandsing due to climate change?

- How did the high altitude African tropical foresthange over the last 50
years?

These core questions can be subdivided in a nuofterb-questions addressed in the
individual chapters:

- Are treelines in tropical Africa rising? (Chaptej 2

35



Chapter 1

- Can we use periglacial depositis to reconstructepalimatic conditions in the
North Ethiopian Highlands? (Chapter 3)

- What is the effect of protection on the physiognamyhe afro-alpine Erica
arborea forest? (Chapter 4)

- Are the afromontane and afro-alpine forests dedrepsover the past half
century? (Chapter 5 and 10)

- Did the establishment of the National Park in tieéh Mountains affect forest
cover? (Chapter 6)

- Can we use RFE to estimate rainfall dynamics in thapical African
highlands? (Chapter 7)

- How do microclimatic conditions influence Erica arba tree growth at the
treeline in the North Ethiopian highlands? (Chapsr

- Is Erica arborea growth responsive to climate véaridy? (Chapter 9)

- How did land use patters affect vegetation coverthe North Ethiopian
highlands? (Chapter 10)

1.3 Definitions

A recent study about the definition of forests oglabal scale indicated that there are
more than 800 different definitions for forests amdoded areas (UNEP et al., 2009).
According to the Food and Agriculture Organizati®AO) definition, a forest should
cover a minimum area of 0.5 ha with trees of mimm m in height and a crown cover
of more than 10 percent (FRA, 2015). Within the tddiNations Framework Convention
on Climate Change (UNFCCC), the definition of faressmore flexible. The threshold
values for a forest lie within a minimum range dB 1.0 ha, 2-5 m tree height and 10-30
percent crown cover (UNEP et al., 2009). With theeppse of identifying the vulnerable
mountain forests, the minimum limit of the UNFCCQused as reference for forests.

The treeline is located at the upper limit of tloeekt. In the Oxford Dictionnary of
Plant Sciences (2013), a treeline is defined dm&athrough the last of the stunted trees,
forming the latitudinal or altitudinal limit beyonahich the climate is too cold for trees to
grow”. The treeline can thus be associated witliraate limit. However, many authors
have attempted to define the treeline; an overviegiven by Callaghan et al. (2002) and
Holtmeier (2009). The terminology is mainly depemiden the region of interest of the
authors. Forestry scientists are interested infonest limit, while ecologists are more
concerned about the species limit (Callaghan et2&8l02). The shift from uppermost
closed montane forests to treeless alpine vegatasicclearly marked by the shift in
vegetation height (Kérner and Paulsen, 2004). Bug,only when observed from a great

36



General introduction

distance that the treeline may appear as an alwyptdary. In reality there is a steep
gradient from closed forest to shrub-only treeles®ntane vegetation stages,
characterized by increasing stand fragmentationstuntedness (Figure 1.3) (Kérner and
Paulsen, 2004; Van Bogaert et al., 2011). Thissttem is called the treeline ecotone (or
kampfzong(Figure 1.3). The treeline location is thus neacly identifiable and must be
defined in conventions (Armand, 1992).

There are three frequently used terminologiestiiberline’ (ii) ‘tree species line’
and (iii) ‘treeline’; which refer to the transitiofrom forest to non-forest stages
(Figure 1.3). These widely used and often incolyentixed terms are described by
Korner (1998). (i) The timberline (owaldgrenzg is the boundary of the closed forest.
Although commonly used, this is not a clearly definterm (Figure 1.3). (ii) The tree
species line (obaumgrenzeis the boundary formed by the upper individudishe tree
species, regardless of the growth form (Figure.1(d) The treeline or forestline is
formed by the connection of the highest forestipetdn an area. These patches consist of
groups of trees characterized by a growth heighhofe than three meter (Figure 1.3).
The physiognomic treeline (30% tree cover) is usethis study to refer to the forestry
limit of the continuous forest (Van Bogaert et é&011). Minimum tree height is
commonly used as a criterion to define a tree, Weweautiousness is advised as this
height can differ between species and authors fhtdr, 2009). There is scientific
agreement to define a tree as an upright woodyt pldah a height of at least 3 m (Kérner,
1998). But this tree height-limit is linked withas®nal snow cover, which is not the case
in the tropical mountainsErica arboreal. trees at the treeline form multi-stemmed
stunted growth forms, these are also known as “Oifsaests” (Miehe and Miehe, 1994).
Although smaller than the FAO definition, theseutesized trees are considered part of
the upper forest (Brass, 1964).
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Figure 1.3 Complexity of the treeline (a) GoogletRdmage of the treeline at the Simen
Mountains, Silki Mountain (13°20'N, 38°15’E; 4420 as.l.), visualized at two
different scales to emphasize the treeline gradiémt The treeline ecotone,
modified after Kérner and Paulsen (2004), with ididton between timberline,

treeline and tree species line.

The ericaceous trees that form the upper treelorest in the tropical African
mountains show an inverse relation between treghhand altitude (Wesche et al., 2000).
The ericaceous belt of the African highlands isiaitd in between the upper montane
forests withJuniperus, Hagenia abyssinieamdHypericum revolutunand the lower afro-
alpine scrubs oAlchemillaandHelichrysum(Figure 1.3) (Bussmann, 2006).
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1.4 Study area

The Ethiopian highlands comprise about 50 percémhe mountains of Africa above
2000 m. These highlands result from a rapid epemagTertiary uplift that started some
45 million years ago, which was accompanied by amem and faulting in the Late
Tertiary and Pleistocene (Kieffer et al., 2004)eThigh plateaus of Ethiopia are formed
by stratified basalt series of over 2000 m thicgyering subhorizontal Paleozoic and
Mesozoic sedimentary rocks (Bussert, 2010). In Miecene the basalt series were
covered by large shield volcanoes, currently deepbded (Kieffer et al., 2004). This
elevated topography provided Ethiopia with the nake “Roof of Africa”.
Consequently, these highlands form a good conmxtudy mountainous forests and
treeline dynamics. The study area consists of thremintain ranges in the North
Ethiopian highlands (Figure 1.4). The Simen Mts3°(B'N, 38°24’E, 4540 m a.s.l.)
home to the highest peak of Ethiopia (Ras Dejen; Mib Amba Mt. (12°04’'N, 39°22'E,
3993 m a.s.l.) of the Abune Yosef Mts.; and Feiatba Mt. (12°52’N, 39°30’E, 3939 m
a.s.l.). These three mountains are peaking ab@&vprédsent ericaceous belt between 3200
and 3700 m a.s.l.

The study area will be presented in detail at thgibning of every chapter.
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1.5 Thesis outline

The present chapter is the first chapter and i®reei@l introduction to the thesis. The
following chapters of the thesis are subdividetbur main parts (Figure 1.5).

In Part 1, the state of the art about treeline dyina and the environmental setting of
the study area are presented in three chapteGhapter 2, the current knowledge about
treeline dynamics and its drivers are reviewedhat $cale of tropical Africa. In the
following two chapters, we zoom to the environmemsttting of the study area in the
North Ethiopian highlands. In Chapter 3, the ge@hological setting and
paleoclimatologic significance of the study areaescribed in detail and presented in a
geomorphological map and in Chapter 4 the physiognof the afro-alpine forests in the
North Ethiopian highlands are described.

Forest cover change and treeline dynamics and thaiers in the North Ethiopian
highlands are addressed in Part 2 and 3. Part gsterof two detailed studies of forest
cover change and treeline dynamics. In these sudierial and terrestrial photographs
and satellite imagery are used to map forest candrireeline changes in respectively Lib
Amba Mt. (Chapter 5) and the Simen Mts. (ChapteiT6g drivers of change are assessed
in Part 3 using multidisciplinary methodologies.eTiirst three chapters study the climate
effect on tree growth and on the treeline. In Caapt satellite derived Rainfall Estimates
are evaluated as a tool to study spatiotemporafalhipatterns in the North Ethiopian
highlands. In Chapter 8, meteorological measuresnemé used to characterize the
prevailing mountain climate conditions and to ea#duthe climate effect on the treeline
and in Chapter 9 the climate response of tree drosvistudied by wood anatomy and
dendrochronology. In the final chapter of Part Bdf@ter 10), the impact of land use and
land cover changes on the mountain forest areestudi

In the general discussion and conclusion of Paat égmprehensive conceptual model
is provided. This model includes land managemeoabmemendations for a sustainable
rehabilitation of the mountain forests and thew®stem services of the North Ethiopian
highlands.

| have completed data collection, analysis andpnéation, together with the bulk of
the writing in all chapters, except for chapterri®l gartly for chapter 10. In chapter 3,
published by Hanne Hendrickx, | contributed at siages, inclusively during the
fieldwork in Ethiopia, while the majority of the wowas done by Hanne. Chapter 10 is
based on the master dissertation of Lién Romeyurtd, &m the first author of this article-
based chapter, since | did the bulk of the writamgl advised Lién at all stages in her
dissertation.

41



Chapter 1

General introduction

Part 1: State of the art and environmental setting

Chapter 2: Treeline dynamics in the tropical African highlands - identifying drivers and shifts
Chapter 3: Geomorphology and paleoclimatological significance
Chapter4: Physiognomy of afro-alpine forest under different growing conditions in North Ethiopia

Part 2: Mapping treeline dynamics Part 3: Driving factors
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Chapter 9: Are the high altitude tropical treelines
sensitive to climate variability? A dendroclimatological
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The photograph on the back of this page is takethsof Lib Amba Mountain on
23 September 2012. In front, a volcanic plug risem the surrounding landscape
with giant lobelia growing on its side. On the mtain in the backErica is
growing in a protected area around the top.



Part 1

Chapter 2 Treeline dynamics in the tropical
African highlands: identifying drivers and shifts
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This chapter is based on:

Jacob, M., Annys, S., Frankl, A., De Ridder, M.eBleman, H., Guyassa, E., Nyssen, J. (2014).
Treeline dynamics in the tropical African highlandgdentifying drivers and dynamics.
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Abstract

High altitude forests provide important ecosystamnvisees for the vulnerable
environment of the tropical highlands. The treelingt of these forests are
temperature sensitive and thus potentially valuasea proxy of climate
change. In this study, the potential drivers oéliree change in the tropical
African highlands are reviewed. The influence aimeltic factors in the
African tropical highlands is significantly diffeme compared to other
regions. The potentially determining factors foeeline distribution in
tropical Africa are temperature, precipitation ahoudiness, carbon balance,
fire and anthropo-zoogenic impacts. Despite redeniperature increase,
treelines have not risen to higher altitudes inttpical African highlands.
Instead, high human pressure has caused stalmhzatid even recession of
the treelines below their natural climatic limigrgcularly through livestock
herding. But, even neglecting human pressure, theight be a lag in
response time between temperature and treelinegehdine actual drivers of
treeline change in the African tropical highlandse amainly fire and
anthropogenic pressure rather than climate chaBgg.long-term drought
periods can be a trigger for fire induced defotesta of the treeline
vegetation. Additionally, in volcanic active mouinis, is volcanic activity
also a potentially limiting factor for the treelindistribution. Treeline
dynamics can thus, in general, not be used as>y mfoclimate change for
the African tropical highlands.

Keywords: Anthropogenic impact; tropical afro-akpihighlands; ericaceous
belt; climate change
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2.1 Introduction

Alpine treelines mark the transition between mounmgnd alpine environments on high
mountain slopes (Berdanier, 2010) and are oneeofrtbst apparent vegetation boundaries
worldwide (Berdanier, 2010; Koérner and Paulsen,420@ccording to Callaghan et al.
(2002) and Holtmeier (2009), the shift from dense montéorests to treeless alpine
grasses and shrubs is characterized by increatamg fragmentation and stuntedness.
This transition is called the treeline ecotone.esrérom theEricoideaesubfamily form
the upper treeline forest in the tropical Africanuntains (Wesche et al., 2000).

The first systematic treeline studies occurred exiprately 150 years ago, as reviewed
in Marek (1910). At present, knowledge on the egspal situation of treelines in the
tropics is still fragmental (Bader, 2007; Holtmei2009). Tree growth is constrained by
changing environmental conditions with increasitiguale (Kérner, 2012). This makes
the altitudinal tree-limit potentially responsive tlimate change (Koérner and Paulsen,
2004). This is illustrated by a lowering of thedlires in tropical Africa during the dry
and cold Last Glacial Maximum (LGM) and by risirrgdlines in the Holocene as a result
of temperature increase (Wu et al., 2007).

There are few continuous long-term climate recasions available that focus on the
African tropics. Among the first, Thompson et &002) reconstructed the Holocene
climatic history in Africa from an ice core of thé@limanjaro ice fields. Evidence was
given for three periods of abrupt climatic shiftsdapredicted complete melting of the
Kilimanjaro ice fields by 2015-2020 (Thompson ef 2aD02). The IPCC (2007) stated that
‘warming of the climate system is unequivocal, as\ow evident from observations of
increases in global average air and ocean tempesatwidespread melting of snow and
ice and rising global average sea level'. The teatpee rise of the past century is most
prominent and rapid at high altitudes and latitude€C, 2007).

The tropical African mountains are hotspots in biedsity, comprising a high amount
of endemic species that have their habitat in theeantains. A substantial reduction,
shift and extinction of African flora and fauna sm@s is expected in diverse African
ecosystems (IPCC, 2007). Species that reproduesysldisperse poorly, and are isolated
are most vulnerable to climate warming (McNeelakt 1990). The mountain-restricted
species of the African highlands are good exampfesuch isolated species, which are
highly sensitive to environmental stress (IPCC, 700 he value of forests on mountain
slopes is much wider than only for biodiversityghlimountain forests are important for
slope stability and regionally important as a hgdmnuffer providing water for downstream
sources and for agriculture in the surrounding &owls (Miehe and Miehe, 1994; Price,
2003). The climate controlled tree limit of theseuntain forests forms a clearly visible
ecotone worldwide. Afro-alpine tropical treelinese atherefore considered to be a
potential proxy of climate change (Bader, 2007)idEmce for this is given by LGM
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treeline oscillations due to past climate changéha afro-alpine mountains (Wu et al.,
2007). The associated counterpart of treeline shafe shifts in the altitudinal range of
grass- and shrubland. Such shifts increase theofiskecies extinctions and can impede
the provision of important non-forest ecosystenvises. Understanding the drivers of
treeline dynamics in the tropics is important taerstand dynamics and spatial patterns
of vegetation at the treeline (Bader, 2007). important to understand the dynamics that
are taking place, in order to develop sustainableservation strategies (Burgess et al.,
2007).

The aim of this paper is to identify the potentizlvers of treeline change in the
tropical African highlands mountains and to answes question whether temperature
sensitive treelines in these mountains are shitisi@ result of climate change. This will
also allow to evaluate if treeline shifts can sesgea proxy of climate change in tropical
Africa.

2.1.1 Study Area

Previously studied African tropical mountains wghmmits ranging above the present
tropical treeline elevation (3300 - 4000 m) werkested for this paper (Figure 2.1). These
mountains are: Rwenzori Mountains (5109 m), Virundauntains (4507 m), Simen
Mountains (4550 m), Bale Mountains (4377 m), Mou#gon (4321 m), Mount
Kilimanjaro (5896 m), Mount Kenya (5199 m), and MoWameroon (4095 m). For all
these mountains, the upper treeline ecotone is ddrimy trees from théricoideae
subfamily dominated by the gen&sica L. (Miehe and Miehe, 1994; Wesche et al.,
2000). Treeline forests are prominent above 300@ most tropical African mountains
and grow over an elevation range of up to 1000 nel&l and Miehe, 1994); described by
Hedberg (1951) as the ‘ericaceous belt’. Beyonsl ¢hevation, tree growth is not possible
and afro-alpine scrubs dominate in the landscEpea trees are small (up to 8 m) and
have needle-like scleromorphic leaves. Afro-alpstceubs are dominated by species of
Alchemilla and Helichrysum (Bussmann, 2006). Anthropo-zoogenic impact strongly
modified the vertical extent of the ericaceous Ibgltwoodcutting, fire and grazing. But
despite the limited area still covered by ericasefmuest at the high altitude tree limit, this
forest type remains vital for the regional envir@mnhof the tropical African highlands
(Miehe and Miehe, 1994).
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Figure 2.1 The studied tropical mountains of Afribat range above the treeline elevation.

2.2 Biophysical and anthropo-zoogenic constraints forree
growth in the tropical African highlands

The elevation of the treeline is limited by localdaglobal environmental and anthropo-
zoogenic constraints, which cause trees to reaehn lmit at a certain elevation and
prevent tree growth above that limit (Kérner, 20Mjeser and Tausz, 2007). The
biological limit is caused by severe habitat stresfich is limiting metabolism,
development and reproduction of the trees. At dalscale there are evident differences
in the impact of these constrains between the ¢edphighlands and the boreal and
temperate environments (Table 2.1).
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Table 2.1 A comparison of potential environmentaistraints for tree growth at the treeline
between the tropical and the boreal and tempecate$z

Factor Tropics Boreal and temperate zone

Air temperature Mean seasonal temperature: 5°C Mean seasonal temperature: 6-8°C
Diurnal fluctuation Length of the growing season
Strong solar radiation Less strong solar radiation

Soil temperature Diurnal variation Seasonal variation
Mean temperature: 6.7 £ 0.8°C Permafrost

Precipitation and cloudiness High seasonal raintafiability Snowfall accumulation

Cloudiness differences Winter desiccation

Frost damage Lower influence: permanent Critical factor: high influence
adaptations

Carbon balance 4, balance Gvegetation

Wind Gentle wind: low influence Stronger wind: higifluence

Snow relocation; wind-driven abrasion

Local factors Site specific Site specific
Anthropo-zoogenic pressure Very high influence Loméuence
Fire Very high influence Lower influence

& The factors are described and fully referencetiéntext.

The elevation of the treeline in the tropics isedetined by a combination of
biophysical factors. Of which, low ambient temparatis a key factor regulating growth,
regeneration and survival of trees at the treg(iarsch et al., 2009; Holtmeier, 2009;
Korner, 1998). The seasonal mean temperature ate@kne varies from 6 to 8°C outside
the tropics and around 5°C in the tropics (Gehiagét et al., 2008; Kdrner, 2012).

The limiting factor of growth in the tropics is mé& caused by the permanent stress
resulting from the pronounced temperature flucarmatbetween day and night (Bader,
2007; Miehe and Miehe, 1994; Wardle and Colemar219This is because high
intensities of solar radiation can be reachedagi¢al alpine treelines during the day, due
to the low latitude and high altitude, while niglost can occur during every night
(Bader, 2007). Because of the tropical diurnal atenvariability, it is important to
differentiate the soil temperature regime in thepics from that outside the tropics
(Holtmeier, 2009). In the tropics, mean temperatsh®uld be considered a rough
indicator only, since there is a large variatiorsite-specific temperature cycles (Miehe
and Miehe, 1994). An annual mean soil temperatdré.@ = 0.8°C was found to
correspond with the upper tree limit all year roumthe tropics (Hoch and Kérner, 2003).

While snowfall and snow accumulation at treelinevations is common outside the
tropics, this is rare in the tropics (Sarmiento88;9Smith and Young, 1987). High

55



Chapter 2

seasonal rainfall variability with cold, cloudy amget seasons alternating with long
droughts at the treeline are common in the Afritapical highlands, both having a
negative impact on tree growth at the treeline {(8nand Young, 1987). Increasing
precipitation and cloudiness at the treeline elewatreduces solar radiation for
photosynthesis and reduces temperatures and thiis tree growth (Wieser and Tausz,
2007). On the other hand, water stress due to lengn drought impedes seedling
establishment during the growing season and redtieegesilience of the vegetation
against fire (Korner, 2012). Outside the tropiceter desiccation caused by long-term
frost drought is one of the main constraints feetgrowth in high mountains (Wieser and
Tausz, 2007). Hygric and thermal differences causgdlifferences in cloudiness are
considered more important as controlling facto@ntiexposure effects for the treeline
elevation in the tropics (Sarmiento, 1986).

Freezing is generally less severe and frost dancageoccur all year round at the
tropical treeline (Goldstein et al., 1994; Smit8,74). Diurnal differences are especially
high in the dry season, when clear skies prevadrr(fiento, 1986). Physiological
adaptations for frost resistance must thereforepbemanent in tropical highlands
(Sarmiento, 1986).

The partial CQ pressure is lower at high elevations at all ld&ts1 Treeline vegetation
is therefore potentially responsive to increasadoapheric CQ pressure (Smith et al.,
2009). However, Hoch and Koérner (2012) studied @arbeserves of treeline trees
worldwide and did not find evidence of carbon shget Similar results were found in
single mountain ranges by Piper et al. (2006) ahde$ al. (2008). This increasingly
favours the growth limit hypothesis over the traxtial carbon balance hypothesis (Hoch
and Korner, 2012; Simard et al., 2013). Howeveerehis another potential effect of
elevated CQin the tropics, caused by the different resporig@édatropical grasses and C3
woody vegetation to elevated g@ressure; C3 vegetation is competitively favoured
(Ziska, 2008).

Wind speed and direction are controlled by the lldopography. In general, wind
speeds at treeline elevation in the tropics areetothan in extratropical mountains
(Holtmeier, 2009). Evidence is given by giant graosels and lobelias of several meters
high above the treeline in the tropics (Hedbergs4)9 The influence of wind is very
important to site conditions of temperate and boreline ecotones; especially in the
winter season when the treeline is affected by wdnden snow relocation and abrasion
by ice particles (Holtmeier, 2009). In addition thexist many local constraining factors,
such as the mass elevation effect of mountain sangeopography effects or differences
caused by the solil properties.

Beside these environmental constraints, the treeétevation is also limited by
anthropo-zoogenic influences. Human induced lared arel land cover changes are the
main drivers of forest cover loss (Kidane et aD12), controlled by the continuous
pressure for new farmland and firewood (Burgesal.et2007). Based upon research in

56



Part 1

Ethiopia (Simen and Bale Mountains) and Uganda (Reg Range and Mount Elgon),
Wesche et al. (2000) concluded that fire is an intgwa factor influencing the treeline in
East Africa. Natural fires are caused by lightenibgt the majority of fires in tropical
mountains are human-caused (Hedberg, 1964). Melltghsons exist for human ignited
fires. For example, in the Bale Mountains, fireised to improve the grazing conditions.

Effects of herbivores on the treeline structure gmudition are globally observed
(Cairns and Moen, 2004). The negative effects obikieres on the treeline are primarily
caused by livestock. In the agricultural systenthef tropical highlands, livestock plays a
key role as provider of energy, food, fertilizedastatus (Nyssen et al., 2004). Livestock
browsing impedes regeneration Bfica and other trees of the sub-alpine zone through
foliage consumption, trampling and seed predati@as{ro et al., 2004).

2.3 The potential drivers of treeline change

The potential drivers of treeline change are theplbysical and anthropo-zoogenic
constraints, outlined above, which have recentiynificantly changed and thus had a
potential impact on the elevation of the treelinatl

2.3.1 Temperature increase

Hulme et al. (2001%tudied air temperature patterns in Africa overlést 100 years and
found that temperature in the African continentrasth 0.5°C. In the mountains of East
Africa, temperature increased with 0.3°C since 1@38@ure 2.2a). According to the A1B-
scenario of the Intergovernmental Panel on ClinGdtange (IPCC) the temperature in the
tropics will increase with 3.3°C by 2100 (IPCC, Zp0The A1B model takes into account
a rapid economic growth, a global population peakhe mid-century followed by a
decline, a rapid introduction of new more sustd@atechnologies and a switch to
balanced fossil and non-fossil energy sources (IPED7). The scenarios neglecting
mitigating policy actions, even project an increasde up to 4.9°C (IPCC, 2007).
Vegetation belts have to adapt to these increasngeratures, as a result temperature
sensitive species may disperse to new habitatsgfat al., 2009). In the high altitude
tropical mountains, these new temperature refugesralatively nearby and can be
accessed by migration upwards the mountain unél dlowth limit is again reached
(Wright et al., 2009).

Korner (2012) has calculated that an increase & ®buld correspond with an
increase in elevation of the treeline with 186 nhisTis a general prediction on a
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worldwide scale, taking only temperature into actoWther factors such as the tree
species sensitivity or site specific conditiong(¢opography, inter-specific competition,

moisture availability, etc.) are not included (Cliaars et al., 1998; Holtmeier, 2009). The
altitudinal temperature lapse rate of East Afre@®i6°C per 100 m elevation (Peyron et
al., 2000). A marked temperature increase of 08ACe 1980 (Hulme et al. 2001) would
thus theoretically correspond with an upwards ineekhift of 50 m; and the IPCC

projection of 3.3°C by 2100 with an upwards shifts60 m (taking only temperature in

account).

2.3.2 Rainfall variability

On a global scale, an average temperature risé@fy 2100, would result in a drastic
decrease in annual precipitation and soil moisbyr@0% (Schiermeier, 2008). However,
the high interannual rainfall variability makesdifficult to identify rainfall trends for
Africa. According to Hulme et al. (2001), thereaiselatively stable regime in East Africa
with some evidence of long-term wetting. In contrdsr West Africa and the Gulf of
Guinea there has been a pronounced decrease fallraiihe scenarios of de Wit and
Stankiewicz (2006) predict an increase of rairiglito 10% and even 20% by 2100 for all
tropical mountains (Figure 2.2b). Climatic wettenditions for East Africa under global
warming are predicted by most climatic models (laist et al., 2012). Hulme et al.
(2001) predict a spreading trend for the equatadale of East Africa, where rainfall is
expected to increase by 5 to 30% in December-Fefgrbat to decrease by 5 to 10% in
June-August.

The impact of these changes on the treeline lisidifficult to predict. Increased
rainfall and a better spread of rainfall throughtig year decreases water stress and thus
enhances tree growth at the treeline. But, thi$ atithe same time increase cloudiness
and indirectly decreases the air temperature.
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Figure 2.2 Temperature and rainfall trends in Afrignce 1900 (modified after Hulme et al.,
(2001) and de Wit and Stankiewicz (2006)): (a) Aainainfall (histogram and
bold line) and mean temperature (dashed line) ahesfar the period 1900-1998,
with the 1961-1990 average as reference. The tiergiven for three African
regions, of which East Africa is best correspondwigh the tropical African
mountain regions. Note, the temperature increaser 40980 (indicated by a
vertical line); (b) expected change in precipitatly the end of the 21st century
for Africa. Note, the long term wetting trend indE&frica.

2.3.3 Change in carbon balance

The atmospheric CQevel rose from pre-industrial 285 umal (600 gigatonnes (Gt)) to
the current level of 384 pmot (800 Gt) and is predicted to rise to 1000 Gt b$®0
(IPCC, 2007). The main focus of increased,@Oncentrations, due to anthropogenic
intensification, is on the likely effect on globalean surface temperature rise. But there
are also direct effects on plant growth and phggip] independent of the climatic effect
(Ziska, 2008). This effect of elevated €©@oncentrations is different for,CC, and
Crassulacean Acid Metabolism (CAM) plant specidwe Widespread {plants and CAM
plants show a significant positive response, whljeplants exhibit a negative response
(Reddy et al., 2010). The negative effect gnplants of increased GQ@oncentrations is
by reduced stomatal conductance and transpiratibith causes higher leaf temperatures
and increased drought stress (Bernacchi et al7)200

At treeline elevation in the tropics, the vegetatiboundary between afro-alpine
woodland and grasses correspond with the boundatywelen ¢ and G plants,
respectively. Elevated G@oncentrations in the tropics would thus potelytisiipport the
advance of the £woody vegetation to higher elevations in compatitto G tropical
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grasses (Leakey et al., 2009). But more reseancbdsssary for a better understanding of
this different CQ response and the linkage with other environmefatgtbrs (Leakey et
al., 2009).

2.3.4 Anthropo-zoogenic impact

The global population will grow annually with onexage 1% over the period 2010-2025,
which correspond to a population increase of 1llRobipeople in 15 years (UNdata,
2013). A growing proportion of the global populatiavill be living in Africa, as the
population in Africa is growing very fast (up to 3@nnually) (FAO, 2007). The
associated growing population and livestock pressull further increase environmental
pressure in the tropical highlands (Burgess et28lQ7). The impact is already visible
through increased, wood cutting and uprooting Erica stumps, inhibiting tree
regeneration (Bishaw, 2001).
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Figure 2.3 Population density dynamics in the tapiAfrican highlands. The situation of
2013 is indicated with a vertical line. In red, thepulation density is plotted for
areas above 3000 m a.s.l. in North Ethiopia asvelérirom Afripop 2010. An
extrapolation to the future is made parallel to gopulation growth curve of
Ethiopia.
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2.4 Current position and dynamics of the treeline in the
African tropical highlands

The potential response of treelines to climate viagms currently studied worldwide
(Holtmeier and Broll, 2007). Harsch et al. (2008algsed a global dataset of 166 treeline
sites; advancing treelines were recorded in 52%efsites and in only 1% there was a
recession of the treeline. There is an associdtween treeline advance and temperature
increase, although the mechanisms are not alwegigtstforward. However, the analysis
of Harsch et al. (2009) almost completely lackglgtsites in the tropics; there are only
four tropical sites included of which none are ifri¢a. This is because little is known
about treeline dynamics in the tropical highlandsAfrica (Kdrner, 2012). A global
representation of the latitudinal position of tiees is given by Kérner (1998), showing a
strong relation between treeline altitude and udgt in the temperate zone and a
maximum in the subtropics. But no significant chesigf the treeline position with
altitude over a 50° range around the equator (KOrb@98). This graph again illustrates
that treeline data is limited in the tropical amdithern regions. The treeline elevation of
the tropical African mountain ranges studied irsthaper are therefore included in the
Korner (1998) graph in Figure 2.4b; the tropicaliédn treeline elevation is, although
scattered, following the general trendline found BKyrner (1998). The current
understanding of treeline dynamics in Africa arenpded in an overview below and
summarized in Table 2.2.
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Table 2.2 Treeline dynamics and driving processéle Tropical Highlands of Africa

Mountain range LatitudeElevation Treeliné Trend Cause Source
Simen Mountains 13°14'N4540 4000 Upward Climate Change and or  Hurni (2005);
decreased anthropogenic  Wesche et al.
pressure (2000)
Bale Mountains 06°49'N4377 4000 DownwardAnthropogenic pressure: fire Miehe and Miehe
(1994); Wesche et
al. (2000)
Mount Cameroon 04°13'N4095 3500 DownwardVolcanic activity and Proctor et al. (2007)
anthropogenic pressure
Mount Elgon 01°09'N 4321 3300 DownwardDrought pressure: fire Wesche (2003);
Anthropogenic pressure ~ Holtmeier (2009)
Mount Kenya 00°08'N5199 3400 DownwardAnthropogenic pressure: fire  Bussmann (2006);
Rucina et al. (2009)
Mount Kilimanjaro  03°04'S 5895 3800 Downwaidrought pressure: fire Hemp (2005);
Kdrner (2012)
Rwenzori Mountains 00°27'N5109 3900 ? Preserved from Wesche et al
anthropogenic pressure (2000); Bussmann
(2006)
Virunga Mountain 01°14'S 4507 3800 7 Mount Muhabura: Rainfall Bussmann (2006)
3600 limited?

a . .
Average treeline elevation

b The Virunga Mountains: Mount Karisimbi and Mount Mabura

2.4.1 Shoulders of the Ethiopian Rift Valley

The Simen Mountains (4540 m) are situated in tirgheon highlands of Ethiopia and are
protected under national legislation since 196% Bmen Mountains have a unimodal
precipitation regime, which is relatively dry comgd to the bimodal precipitation regime
of the more southern tropical African mountains rfdand Stahli, 1982). The treeline
formed byErica arborealies at an average altitude of 3715 m (Hurni arghist1982).
Shifting of this treeline has been observed by aepdotography at Nebir Mekemacha,
which shows an increase of the treeline of apprat@hy 120 m from 4000 to 4120 m
between 1967 and 1997 (Figure 2.4) (Nievergell.etl898; Wesche et al., 2000). There
are two possible explanations for this treelindtsinécent climate change and reduced
human and livestock pressure. Evidence againstlitmatic change hypothesis is given
by individual Erica trees high above the treeline already in 1968\@&higelt et al., 1998).
Another possible explanation is the reduced immdiatattle grazing, woodcutting and
burning since the National Park was installed (\Weset al., 2000).
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The treeline in the Bale Mountains (4400 m) in keuh Ethiopia is formed bkrica
trimera, which is the dominant species from 3400 up to0480(Figure 2.4). Outliers of
individual Erica species are even observed up to 4200 m (Miehé/kelte, 1994). These
individuals have a mat-like structure as a resufitamng eastern winds (Holtmeier, 2009).
Although that the Bale Mountains are also protesiede 1969, the upper treeline of the
Bale Mountains is lowered by recurrent fires at ynafaces, to maintain or extend the
grazing area (Wesche et al., 2000). As a resulsame of forests scrubs and afro-alpine
grasslands prevail at the treeline in the Bale laigis (Bussmann, 2006).

In both mountain ranges is the treeline located(t0 m, ca. 400-500 m below the
highest summit (Figure 2.4). There is thus a paémnpact of the summit syndrome
described by Korner (2012). But, observations @eng treeline increase in the Simen
Mountains give evidence against the influence efdfhmmit effect at the current treeline
elevation.

2.4.2 West Africa

The climate of Mount Cameroon (4095 m) is extremmlgist with up to 10 000 mm
annual rainfall at lower elevations and 2000 mmthe summit (Bussmann, 2006).
Although the western slopes receive more raintaik is not reflected in the vegetation
profile. The ericaceous spedigica mannij Agauria salicifoliaandMyrica arboreaform
the patchy high altitude treeline ecotone (Bussmafgfe6). The abrupt treeline at 3500 m
(Figure 2.4) is controlled by periodic volcanic igity, which influences the tree limit
directly by destroying existing forest through ldleavs and fire and indirectly by unequal
deposition of fertile volcanic ashes (Proctor et @D07). As a result, the treeline is
depressed below its climatic limit (Bussmann, 2006)addition, there is also a high
anthropo-zoogenic pressure through woodcutting, dind livestock browsing, since the
population density is almost twice the averagehat in sub-Saharan Africa (Burgess et
al., 2007).

2.4.3 Mountain ranges along the Eastern Rift Valley

The Erica excelsareeline at Mount Elgon (4321 m) lies on averag83)0 m and rises

up to 3450 m in the humid valleys (Holtmeier, 20@@sche, 2003). Despite the negative
effects of waterlogging and cold air accumulatimaes grow better in the valleys due to
protection from frequent fires. The highest stairdshe valleys even occur at 3950 m
(Hamilton and Perrot, 1981; Wesche, 2003). The taig® is, on average every 7-10
year, exposed to high-altitude droughts and thusrsedesiccation stress. The impact of
drought stress is striking, with up to 50% of teaves dying, but the plant phenology is
little affected (Wesche, 2003). However, the stgkiconsequence of these drought
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conditions is fire. More than half of therica and afro-alpine vegetation was burned
during the extremely dry conditions of 1997 (Wesehteal., 2000). Extensive burning

caused large scale replacement of woody vegetayograsslands, which recover much
faster. As a result of fire and anthropogenic impgmcpastoralists the present treeline is
depressed below the climatic tree limit (Figure) ZHamilton and Perrot, 1981; Wesche,
2003).

On Mount Kenya (5199 m), the current boundary betwthe lower alpine zone and
upperErica forest is situated at ca. 3400 m (Figure 2.4) ggwemnn, 2006). The poorly
developed Ericaceous forest belt is formed by remhiséands ofErica excelsaErica
trimera and Erica arborea (Bussmann, 2006). The warmer moister climate of the
Holocene enabled the treeline to rise in compartsonGM levels (Rucina et al., 2009).
However, the position of the treeline is currentigder high anthropogenic pressure,
which is marked by increased fire frequency. Thas locally resulted in a transition to
open vegetation (Bussmann, 2006; Rucina et al9)20Me presence of the plant species
Asteraceae Stoebe kilimandschariemd Protea kilimascharicaofterat the treeline,
indicate this regular disturbance by high altitdides. As a result of this disturbances the
boundary between the ericaceous belt and the gihoeagrasses is formed by a patchy
mosaic rather than a clear altitudinal boundarys@®uann, 2006).

The ericaceous belt of Mount Kilimanjaro (5895 m)faormed byErica excelsdorest
prevailing above 3000 m, with remnantskafca trimeragrowing above 3700 m (Hemp,
2009). The treeline is situated at ca. 3800 m, wiscbelow its natural limit (Figure 2.4)
(Hemp, 2005; Koérner, 2012). In 1976 the treelinached the 4100 m elevation limit
(Hemp, 2009). The cause of the treeline lowerinth weveral hundred meters since 1976
is a drier climate, which caused an increased &rqy and intensity of fires on the slopes
of the Kilimanjaro (Hemp, 2005). Precipitation hdscreased over 30% in the recent
years, in particular over the last three decadeseNtequent and intensive fires have not
only lowered the treeline position, but even cauaedeforestation of one third of the
Kilimanjaro forest in the last 70 years (Hemp, 2005

2.4.4 Albertine Western Rift and Congo Nile Crestline

Because of the political instability in this regj@tientific studies about treeline dynamics
are lacking. The research presented therefore gimgs an overview about the current
vegetation zonation.

The Rwenzori Mountains (5109 m) are well preserfveth anthropogenic influences.
There are fires, but these are comparatively s(Wédische et al., 2000). This makes the
Rwenzori Mountains one of the most intact Ericasevagetation belts of the African
tropical highlands (Wesche et al., 2000). THrca forest dominated b¥trica arborea
follows immediately after the bamboo belt (at 308Pand marks the treeline at 3900 m
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(Figure 2.4) (Bussmann, 2006; Livingstone, 19674hdugh the eastern slopes are drier,
this is not reflected in the vegetation profile €8mann, 2006).

The Virunga Mountains (4507 m) are formed by eigdjacent volcanoes. On the
highest peak of Mount Karisimbi the treeline isuated at by average 3800 m. On the
drier Mount Muhabura (4127 m) trees are only grgmp to 3600 m (Figure 2.4). In the
Virunga volcanoes the treeline is formed Byica arboreaforest, growing above the
Hagenia abyssinicandHypericum revolutunfiorest (Bussmann, 2006).
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Figure 2.4 Synthesis of treeline dynamics in tlogitral African highlands (see Table 2.2 for
references). (a) tree line dynamics in the Afridaopical highlands, arrows
indicate the treeline trend. The zone between ##hed lines refers to the upper
treeline limit zone described by Hedberg (1951)KByner (1998) adjusted with
tree line elevations from the tropical African Hig/ids in red.

2.5 Discussion and conclusion

The discussion is structured according to the twainnguestions of this paper: (i)
understanding the driving factors determining ireeklevation limits and (ii) identifying
treeline dynamics in the African tropical highlands
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(i) What are the driving factors determining the treeline elevation in
the African tropical highlands?

At present climate change is unequivocal and cawgtedal warming and changing
rainfall patterns. These changes have the potewoti@fluence the altitudinal tree growth
limit. Unlike in temperate and boreal regions, wifrdst damage and snow accumulation
are less important in controlling the treeline posi Treeline species in the tropical
highlands must be particularly adapted to high rhlrtemperature variation. A
temperature increase of 3.3°C by 2100 would coordpwith an increase of the tropical
African treeline by 550 m, using the vertical temgiare lapse rate of East Africa from
Peyron et al. (2000) (only taking temperature irccant). But, past increases in
population pressure in the tropical highlands haepressed the treeline elevation below
its climatic limit. Anthropo-zoogenic influencesstirb the treeline, mainly by man-made
fire to clear the forest for grazing land. The irpaf these fires is locally intensified as a
result of long term drought, which decreases tisdlieace of the environment to fire
disturbances. Beside this is volcanic activity adstocally important constraint of high
altitude tree growth.

(ii) Are treelines in the African tropical highlands subjected to
change?

Hedberg (1951) presented a general classificatiaiheo vegetation belts of the Eastern
African Mountains. He recognized three belts orheaountain: the alpine, the ericaceous
and the montane forest belts. The treeline is tatlan between the alpine and ericaceous
belt with an elevation limit between 3550 and 4h®QHedberg, 1951). This 4100 m-limit
corresponds with the treeline in the Simen Moumstah present. The Simen Mountains
are the only mountain range in this study of whiwh treeline rose locally. This indicates
that here, the tropical treeline lies below itsgmial climatic limit (Bader, 2007; Kessler,
1995; Miehe and Miehe, 1994). A tentative explamais that the Simen Mountains are
located most northern and thus closer to the spios@and as a result receive less rainfall
and cloudiness, which can cause the treeline ® hmigher (Korner, 2012). But this
explanation is too simplistic, because locally éasing human impact after national park
establishment should also be taken into account.

However, the general trend is that treelines weosed down due to high anthropo-
zoogenic pressure and especially fire (Bader, 2@énberg, 1996; Hemp and Beck,
2001; Kessler, 1995; Miehe and Miehe, 1994; Westha., 2000). This is the case for
most of the mountain ranges studied. In the Baleumdlmns, Mount Elgon, Mount
Cameroon and Mount Kenya, the treeline is loweneel @ high anthropogenic pressure.
In addition, on Mount Cameroon volcanic activities/e also had a negative effect on the
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treeline elevation. Disturbance by human and ln@sis controlling the treeline elevation
at elevations below their natural climatic limitamany African tropical mountain ranges.
In the Rwenzori and Virunga Mountains the humansguee is lower because of the
politic instability in this region. As a result ithe treeline elevation potentially more
stable. Yet, little is known about potential vegieta shift in this region. When neglecting
human interference, treelines in the tropical Adnichighlands might rise to higher
elevations. This is witnessed in the Simen Moumstaalthough decreasing pasture and
wood cutting also played a major role here. A higptital upper treeline limit at 4100 m
is suggested by Hedberg (1951). The 4100 m-limguggyested by Hedberg (1951) used
to be also corresponding with the limit at the iK#injaro in 1976. But due to climatic
drier conditions in combination with growing antpogenic pressure is the treeline of the
Kilimanjaro also lowered. The effect of decreasmgnfall conditions is thus opposite
between the Simen Mountains and the Kilimanjaro.

Overall, treelines in the African tropics are stylyndisturbed by human and livestock
pressure, which makes it not possible to use thera proxy of climate change in the
tropics. The general trend of a depressed tredlai@w the climatic limit in the tropical
African highlands favours the hypothesis that tress are still moving upwards from
lower positions due to a slow response time to a@rchange (Holtmeier, 1994; Wardle
and Coleman, 1992). Because shifts in speciesilitons may lag behind climate
changes (Dullinger et al., 2012). But evidence rgjaihis hypothesis is given by past
higher treeline elevations and by evidence ofiagifgreeline in the Simen Mountains.

(iii) Outline for future work

Overall, more treeline research in the African itap highlands is vital to improve the
scientific understanding of the response of higituale tropical treelines to environmental
changes. In the global treeline research of Haetcal. (2009), continental Africa is a
blank spot on the map. The IPCC has recognizednéesl to understand the ecosystem
dynamics and climate variability in Africa. Climatbange may have important effects on
the functioning of the ecosystems of the Africaoptcal highland. A better understanding
of this can help to make realistic predictions, efthare important as an input to land
management scenarios.
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Chapter 3 Geomorphology and paleoclimatic
significance
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This chapter is based on:

Hendrickx, H., Jacob, M., Frankl, A., Nyssen, D1®2). Glacial and periglacial geomorphology
and its paleoclimatological significance in threertd Ethiopian Mountains, including a
detailed Geomorphological map. Geomorphology, a@ecefor publication.
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Abstract

Geomorphological investigations and detailed magpmh past and present
(peri)glacial landforms is required in order to armstand the impact of
climatic anomalies. The Ethiopian Highlands shogreat variety in past and
contemporary climate, and therefore, in the ocauwee of glacial and
periglacial landforms. However, only a few mountaneas have been
studied, and detailed geomorphological understanginacking. In order to
allow a fine reconstruction of the impact of thestpglacial cycle on the
geomorphology, vegetation complexes, and temperainiomalies, a detailed
geomorphological map of three mountain areas (Mtrdh Amba, 12°51'N
39°29°E; Mt. Lib Amba, 12°04’'N 39°22’; and Mt. AbanYosef, 12°08’'N
39°11'E) was produced. In all three study areaactine solifluction lobes,
presumably from the Last Glacial Maximum (LGM), wefound. In the
highest study area of Abuna Yosef, three sites whseovered bearing
morainic material from small late Pleistocene @exi These marginal
glaciers occurred below the modelled snowline axisted because of local
topo-climatic conditions. Evidence of such Pleistoe avalanche-fed glaciers
in Ethiopia (and Africa) has not been producediearCurrent frost action is
limited to frost cracks and small-scale patternedugd phenomena. The
depression of the altitudinal belts of perigla@all glacial processes during
the last cold period was assessed through peraglacd glacial landform
mapping and comparisons with data from other monntaeas taking
latitude into account. The depression of glaciatl geriglacial belts of
approximately 600 m implies a temperature drop aao6°C in the last cold
period. This cooling is in line with temperaturgdessions elsewhere in East
Africa during the LGM. This study serves as a casady for all the
intermediate mountains (3500—-4200 m) of the Notthidpian highlands.

Keywords glacial and periglacial geomorphology; avalanche-tdacier;
Quaternary environment; paleoclimate
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3.1 Introduction

During the Pleistocene, the Earth was exposeduerseclimate fluctuations (Kaser and
Osmaston, 2002). This resulted in different lamge extents; whereas, especially the last
cold period (Last Glacial Maximum (LGM) from 26.6 19.0 ka; (Clark et al., 2009),
reshaped the affected landscape. The LGM coolidghdt only affect the mid- and high-
latitudes, but also the tropics (Mark and Osmasfi)8; Seltzer, 2000). With lots of
research on the LGM in the higher latitudes, Isssniown about the LGM in the tropics
(Benn et al., 2005). The past ice equilibrium [{Eguilibrium Line Altitude, ELA) is a
good tool to allow reconstruction of past climafdastenrath, 2009). One of the methods
to establish the past ELA is to analyse past lami$ocaused by cold environment
geomorphological processes, such as morainic festuBenn et al., 2005).
Geomorphological research with focus on periglaara glacial landforms allows having
a better insight in the spatial variability of peas and past climates.

Although recent glaciations around the tropics largted to small, mostly vanishing
glaciers on high peaks, landforms of past glaamstiare more prominent and have been
described at the Drakenberg of South Africa, thasAtMountains, the high volcanic
plateaus and the equatorial high mountains of Eagta (Kaser and Osmaston, 2002). In
the Ethiopian Highlands, at least three mountagiores bear evidence of past glaciations
(Mark and Osmaston, 2008). Below historical glagi@resumably LGM age, evidence of
intense periglacial activity has been observed @&som and Harrison, 2005).
Observations from the Simen, Arsi, and Bale mouwmstaind Mt. Guna were summarized
by Hendrickx et al. (2015). The Simen Mountainslaoated around 150 km northwest of
the study area. There, the Pleistocene ELA depemdsope aspect and is reconstructed at
4100-4400 m (above sea level a.s.l.) (Hurni, 19Blijthermore, observations suggested
that the temperature dropped by 7°C during the L&Mrni and Stahli, 1982). The LGM
temperature drop in East Africa was, in generayad 5-6°C (Osmaston and Harrison,
2005; Osmaston, 2004). At present geomorphologmacesses in the Ethiopian
Highlands are mainly driven by gravity, water, dnanan activities (Nyssen et al., 2004).

Although many geomorphological investigations wedene in Ethiopia (e.g.,
Hastenrath, 1974; Williams et al., 1978; Hurni, Q9Billi and Dramis, 2003; Nyssen et
al., 2004; Moeyersons et al., 2008), few led tcaitlst and holistic geomorphological
maps (e.g., Hurni, 1981; Coltorti et al., 2009; poet al., 2013). Therefore, studying and
accurately mapping these landforms is importanbiider to reconstruct past climate
conditions in the past.

The aims of this paper are (i) to present a detgjEomorphological map with focus on
glacial and periglacial landforms of three tropicabuntains in the North Ethiopian
highlands, using remote sensing and an intensieie tampaign; (ii) to confirm the
genesis of the mapped landforms by sedimentologacalyses regarding clast size,
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orientation, and matrix textures and (iii) to reswact the paleoclimate during the LGM
in the study area. This study serves as a casg &iuthe middle range mountains (3500—
4000 m a.s.l.) in the North Ethiopian highlandsevehglacial and periglacial research is
limited.

3.1.1 Study area

The Ethiopian Highlands are composed of high votcatateaus with summits ranging
above 4000 m. The study area consists of three taouareas above 3500 m (Mt. Ferrah
Amba, 12°51’'N 39°29'E; Mt. Lib Amba, 12°04'N 39°22and Mt. Abuna Yosef,
12°08'N 39°11'E) where no earlier research was dame glacial and periglacial
landforms (Figure 3.1), although the existence of avalanche-fed glacier had been
suspected from an oblique aerial photograph ofAtina Yosef (Hendrickx et al., 2015).
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Figure 3.1 Map of the Ethiopian Highlands.

The study area is composed of successive lava [fimweh formed in near-horizontal,
Tertiary basalt layers, known as the Ethiopian tragalt series (Umer et al., 2004). These
stratified basalt series can be more than 2000ick #ind cover the formations of the
Mesozoic sandstone and limestone, and PalaeozaicPaecambriam basement rocks
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(Kazim, 1975, 1973). Inactive volcanic plugs andictural relief characterize the study
area, forming steep escarpments. With elevatioashirg 4500 m, the Ethiopian plateau
was high enough to be partially glaciated durirglikeM (Mark and Osmaston, 2008).

Local topography has a strong control on cloudinasd precipitation in the East
African mountains. Precipitation in the Ethiopiamuntains varies with latitudes, altitude
and aspect (Rosqvist, 1990; Nyssen et al., 200d5%;2dark and Osmaston, 2008). Areas
closer to the equator will have a longer wet sedkahtends to be bimodal, caused by the
annual movement of the Intertropical ConvergenceeZ¢O’'Hare et al., 2005). The
rainfall distribution in the Simen Mountains shotmg maxima around 1800 and 3600 m
(Messerli and Winiger, 1992), but detailed rainfafbrmation about the study area is still
lacking. Glacier limits reached lower on westermpsls in East Africa (On the
Kilimanjaro, Mt. Kenia, and Ruwenzori) because bk tmaximum cloudiness and
precipitation in the afternoon, reducing the sotadiation on west-oriented slopes
(Hastenrath, 2009, 1974; Rosqvist, 1990). All higbuntains in East Africa are situated
within 15° from the equator, but solar radiatioifi differs between north- and southward-
facing slopes (Rosqvist, 1990). Thus, local topphyacan control solar radiation and
precipitation (Seltzer, 2000). The current 0°Chsoin in East Africa lies around 4750 m,
but ELAs of current glaciated areas are often keatdtigher, in the isothermal range of -7
to -10°C (5400-5800 m) for the Kilimanjaro and @°-2°C for Ruwenzori (4600 m)
(Rosqvist, 1990). According to the temperature ignatd contemporary permanent snow
and glaciation could appear above 4800 m, butekcgeds the highest peaks of Ethiopia
(Hurni, 1989). Structured interviews with key imfoants revealed that snowfall
irregularly occurs above 3500 m, mostly during ding season and in August. In general,
snow cover rapidly melts away by noon; but on higfershadowed places it can stay for
a couple of days.

3.2 Material and methods

3.2.1 Data collection and mapping of geomorphological iprint of
the Pleistocene environment

Geomorphological mapping is a powerful scientiboltused to understand landscape
configuration and development (Gustavsson et @062 It is especially useful to
reconstruct climatic changes in a former glacial pariglacial environment (Pavlopoulos
et al., 2009). In order to map the variety of gegwhological processes active during the
Pleistocene and the current climate, an integratelysis was carried out based on a
digital elevation model (DEM), interpretation ofestoscopic aerial photographs
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(Table 3.1), and intensive field investigationsly3&eptember 2013) (Frankl et al., 2010;
Annys et al., 2014). Global Navigation Satellitestgyn (GNSS) data was collected from
small-scale landforms and from 13 profiles (Fig8r2). In total, around 1400 points of
interest were recorded using a Garmin eTrex H halddiglobal positioning system

(GNSS, < 10 m RMSE) (Figure 3.2). The geographitumaused is the WGS 84,

projected in UTM 37N.

39°21'E 39°22'E 39°23E 39°24°E
1 1 1 1

mhamn 2
."‘N..;‘- ‘.

39“}4'E

= . s
,:élnjafat
T2 sL

12°6'N
1
12°9N
I

12°5'N
1
12°8'N
I

3 " e
’ R
; / et 4

Lib Amba 3962 m (a)s.L.)
) S

/
S

v

20,

12°4'N
I

GPS point
«  Profile

4 Summit

12°52'N
1

Main crestlines

Roads (mainly footpaths)

12°3N
1

Permanent river

Ephemere river

z
12°51'N
L

........

Contour line (i. 100 m)

(3500 m contour line}

Figure 3.2 Distribution of points of interest takarthe field with a hand-hold GNSS.

Observations were made on geology, morphographytmoonetry, hydrology, and
anthropogenic and vegetation characteristics. Gén@orphological structures were
observed during the fieldwork, such as inactivecanic plugs, structural relief, basaltic
dykes, alluvial fans, debris and rockfall of varyisize, landslides, channel morphology,
and gullies. Slope gradients were measured witmaroeter.

The fieldwork especially focussed on glacial andgtacial landforms. Features that
were recognized during the field survey are sctepes, solifluction lobes, soil creep,
frost cracks, polygon patterns, and morainic fesgurom avalanche-fed glaciers. These
glaciers mostly occur below the climatic ELA beaadlsey are nourished by avalanches
and windblown snow (Hughes, 2007his suggests the existence of local topographic
conditions favouring the permanence of snow, todagl in the past. To support this
statement, the avalanche ratio was calculateddoh @valanche-fed glacier site. This is
the ratio between the total area contributing talawches (slope > 30%/) leading
directly onto the glacier areA) (Carturan et al., 2013; Hughes, 2007).
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Table 3.1 Remotely sensed information and maps instis study

Type Date Number Resolution Source
2012 N.D. 25m Bing Maps
Satellite imagery
2006 N.D. 25m Google Earth
Lalibela — ETH 4 1239 C3 Ethiopian Mapping
1999 1:50000
Muja— ETH 4 1239 C4 Agency

Topographic map

Maychew — ETH 4 1239

Ethiopian Mappin
1996 Bl 1:50000 P PpPing

Agency
Bora — ETH 4 1239 A2
43-10; 43-11; 44-10; 44-11;
ASTER digital _
2011 44-12; 45-10; 45-11; 45-12;30 m grid NASA Earth Data

elevation model
46-11

ET2/F11/262 1795-96

ET2/S11/27 03556-57
, February Mapping Agency,
Aerial photographs ETH2/S11/29 0388-89-90 + 1:50000
1980 performed by

ETH2/S11/30 0435-36-37 SWEDSURVEY
ET2/F11/311 2222-23

Owned by Ethiopian

Based on the approach described here-above, ayhigidiled terrain-fitting legend
was developed (Appendix A). The legend type is thase maps by Hurni (1981) in the
Simen Mountains, on general approaches for mapgperi)glacial environments
(Pavlopoulos et al., 2009) and some specific chgties (De Graaf et al., 1987; Frankl et
al., 2010; Annys et al.,, 2014), and is construckedording to the AGRG (Applied
Geomatic Research Group) mapping system, firstidped by De Graaf et al. (1987).
The integration into a Geographical Information t8ys (ArcGIS 10.1 ESRI) was based
on Gustavsson et al. (2006), whereas the upperslaymsist out of point data, followed
by line and polygon shapefiles. The results arsgmted on a geomorphological map at a
1:20 000 scale (Appendix A).

A one-way ANOVA and a Kruskal-Wallis test were ustx detect whether the
occurrence of periglacial lobes is more frequenhorih slopes.
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3.2.2 Field and laboratory sedimentological analysis

In total, 13 profile analyses were conducted. Ib Bimba, seven profile analyses were
made where road cuts already exposed interestihgrsediles. The lower limit of buried
periglacial rubble was also determined by considpeaxposed soil profiles, according to
the methodology of Hurni (1989). Periglacial rubblas recognized as angular clasts that
are oriented parallel to the slope angle. When elad@ in a yellow-brown matrix of
loamy silt, the deposit is defined as a solifluatimorizon. In Ferrah Amba, where there
are no road cuts, five profile locations were sel@éavhen a clear landform was present.
In Abuna Yosef, a profile pit in a moraine was esaiad.

To define the genesis of the landforms, the degfesorting, orientation, clast shape
and size, and other sediment characteristics waresiigated in each profile. Rock
fragment density in the profile was also recorded dounting the amount of rock
fragments along a line of 2-3 m. Per, profile, 30ngated clasts from the matrix were
analyzed. The orientation was measured with a cempand clast size and shape
properties were measured on the basis db-, andc-axial lengths, using a caliper with 1
mm accuracy (Millar, 2005). This clast-derived imf@mtion informs about the genesis of
the landform and the environment in which the sedihihad moved. Because of the thick
soil cover and abundant vegetation on the lobes,ldhdforms are considered to be
inactive and relict features. Even when undercutdaygls, the lobes were not reactivated.

Matrix samples were collected for texture analyfe®ugh sieving. In total, six
samples were collected in the field. In Lib Ambaefsamples were collected from
locations where a profile analysis was also donege €ample was taken from a regular
Andosol soil as comparison. In Ferrah Amba, a samyhs taken from a solifluction
horizon. In order to avoid stones in the samplgigae with mesh opening of 16 mm was
used to prepare the samples in the field.

Because the matrix in the Simen Mountains foundHyni (1989) mostly contained
clayey silt, silt, and sand, a standardized nestddmn of sieves with different mesh
openings for these particular sediments were uBed.smaller fraction (< 0.063 mm) of
each sample was analysed with the sedigraph (latgpa/.micromeritics.com, 10 May
2014). Together with the clast analysis, this gwese insight in landform genesis.

3.2.3 Reconstruction of paleoclimate by using geomorphogical
information

The ELA is often used for paleoclimatic reconstimts and can be calculated from
position of morainic material (Nesje and Dahl, 200Because the periglacial belt is
parallel to the ELA (Hurni, 1981), the altitudindifferences between the past lower limit

79



Part 1

of the periglacial belt and the present lower Ilgvof periglacial processes can be used to
reconstruct the paleo ELA and therefore the paileadte. According to Hurni (1981), a
depression of 100 m corresponds with a 1°C coolinghe Simen Mountains. This
corresponds with the dry adiabatic lapse rate (@Ha al., 2005), which is considered a
representative lapse rate for the dry conditiomsnduthe last cold period. By conducting
a detailed mapping of past periglacial belts arérpolation from current periglacial
belts, the altitudinal depression was assessed.

3.3 Results

3.3.1 Glacial and periglacial features

The geomorphological maps include a detailed gephadogical representation of the
three mountainous areas, Abuna Yosef, Lib Amba, erlah Amba, including glacial
and periglacial landforms (Table 3.2) and genembngorphology, such as structural
escarpements, dykes, crest lines and valleys (Eig.3).
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Figure 3.3 Geomorphlogical sketch of the studiedttN&thiopian mountains, based on the
detailed geomorphological map (Appendix A).

Table 3.2 Glacial and periglacial features observed

Interpretation Obs? Width(m) Length (m) Aspect Altitudinal Slope SA® Fig.

of the feature Mean + std Mean = std range (m) (%)

Moraine 8 36.9 219.6 NW-NE 3650-3900 Level A 3.3
(x17.0) (x148.3)

Solifluction lobe 41 26.2 157.1 NW-NE 3650-3900 10 -AB,C 3.6A
(£13.9) (x127.9) 20

Fluvio- 9 26.3 75.6 NW-NE 3500-3750 15 -A,B

solifluction (x14.9) (+56.6) 25

Buried 16 82.4 245.2 Nodata Down to No A,B  35A

periglacial (£59.1) (x201.1) 3500 data

rubble

Scree slope 5 56 91 NE-N 3700-3900 >20 A, B 3.6B
(£57.4) (+81.7)

Frost cracks 59 No data No data SW-NE 3600-4100 elLevA,B  3.7A

*Field observations'Study areas: (A) Abuna Yosef, (B) Lib Amba, (C) faér Amba
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Moraines of avalanche fed glaciers on the Abuna Ye$

Morainic features were only found in Abuna Yosefalfle 3.3). On three different
locations in the area around the highest peakaaehk fed glaciers existed during the
past cold conditions (Figure 3.4). The first looatiis the slope underneath the Abuna
Yosef peak itself (12°10'32.27"N, 39°10°'59.13"E), high consists out of a very
impressive inactive plug, rising very high and pteove the surrounding landscape
(Figure 3.4, site 1). The plug casts a wide topplgi@ashadow in the close surroundings of
the peak. This favoured the climatic condition the occurrence of an avalanche-fed
glacier (AFG). There is even an undercut area whegevolcanic plug is overhanging.
Big boulders caused by rock fall characterize tletm slope of the plug. Possible
evidence of a glacier could be deeply buried by #utive rock fall. At the lower end of
the rock fall slope, morainic features were pres8tupe debris is pushed together to form
several ridges. The rock fall underneath the Ab¥oaef forms a broad valley cutting
through the structural landforms on a scale thanhigue in the study area (Figure 3.4, site
1).

Table 3.3 Avalanche fed glaciers sites on the Ablosef

Alt. range

Site  Lat.(°N)  Long. (°E) A (ha} V(h)? VIA® Observations
(ma.s.l)
Moraine material
3533 — _ _
S1 12°08'30" 39°11'10" 23 20 0.87 4208 highly disturbed by
recent rock fall.
Clear moraine ridges
3669 — _ _
S2 12°08'17" 39°11'10" 6 18 3.03 3757 and moist depressions.
Profile pit analysis.
3641 — Clear moraine ridges
S3 12°08'37" 39°12'45" 4 7 1.75 _ _
3700 and moist depressions.

A = Extent glacier site (hajV = Uphill extent (ha)?V/A = Avalanche ratio
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Natural depressions

Site 3 (a) Site 3 (b)

Moraine material

Natural depression

Figure 3.4 Three avalanche-fed glacier sites inAbena Yosef massif, indicating morainic
features, screes and natural depressions.

Two other AFG were found in the area and are movaqunced and less disturbed by
active rock fall. In both of the AFG sites, sevesahall ponds and natural humid
depressions were present, closed off at the lowdersy a ridge of blocky material. The
steep slope that casts a shadow over this ridgedklbed depression bares an active scree.
A profile pit was dug at site 2 to examine the ttdwmaracteristics of the morainic material
(Figure 3.4, site 2). The very angular clasts wesveen 10 and 20 cm, characterized by
sharp and smooth edges and embedded in a finexroairellow-brown loamy silt.

The drainage area leading directly onto the forgiacial extents of the three sites,
consists mainly of very steep slopes (> 30%) amdcsiral escarpments (Figure 3.5).
Thus, the drainage area is considered to be afmitgravalanche-controlled area and is
used to calculate the avalanche ratio (Table 3)t(ran et al., 2013; Hughes, 2007).
The avalanche ratio (V/A) for sites 1, 2, and 8.B7, 3.03, and 1.75.
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39°11'E 39°12'E 39°13'E
1

A Summit

- Structural escarpment

Contour (i. 100 m)

Extent uphill slope

,7__? Probable former glacial extent

12°9'N

Slope
B Level 0-5%)
[ ] steep (5 - 30%)

- Very steep (> 30%)

12°8'N

Figure 3.5 Slope map of the three avalanche-fedigylssites, with the probable former
glacial extent and extent uphill slope used foceltion of the avalanche ratio in
Table 3.3.

Solifluction lobes, blockfields and angular rubble

In the entire study area, periglacial featurespaiesent. The most remarkable of these

features are the solifluction lobes (Table 3.2).é¢hsolifluction activity did not make

pronounced landforms, periglacial rubble can beepnkesi in road cuts and in profile pits
(Figure 3.6). Only in the study area of Lib Ambasae lower limit of the buried

periglacial rubble was detected at around 3500 etaBse of the lack of road cuts in
Ferrah Amba, no lower limit of periglacial rubbleutd be detected.
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Figure 3.6 (A) Periglacial rubble exposed by a reatl in Lib Amba, and (B) 50 stones,
irregularly shaped and angular, from a solifluctiobe.
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Fluvial activity may rework periglacial materialdamove it downslope (Hurni, 1989).
These deposits are sandier and contain more rouddsts. In the study area of Lib
Amba, fluviosolifluction material is found down 800 m on the north side of its highest
peak. No reworked fluviosolifluction material wamihd in Ferrah Amba.

Although many steep, rocky slopes are presenemah Amba because of structural
escarpments, little active scree slopes were obdeirv the study area. At the northern
flank of Lib Amba (3962 m), close to the summit,adlhscree slopes were detected. In
contrast with the two other study areas, steepeslap the Abuna Yosef often carry big
active scree deposits (Figure 3.7B). On the stémyes around possible AFG sites, large
scree slopes were also observed.

Figure 3.7 Periglacial features observed. (A) &altion lobes on a north-oriented slope in
Ferrah Amba and (B) large scree slope in Abuna f¥ose

Patterned ground phenomena and frost cracks

Large, patterned ground phenomena and needle i@neé observed in the study area,
only micro-patterned ground features of currenstfraction were found as a result of
contraction of the soil (Table 3.2). These frostcks, sometimes polygon shaped (10 to
20 cm across), are found in Abuna Yosef, Lib Andred Ferrah Amba down to 3600 and
3650 m (Figure 3.8). In the Abuna Yosef, more proweed features were observed near
streams, approximately 1 m in diameter.

Patterned ground phenomena were found on higtiivellalevel areas with only afro-
alpine grasses. In moist environments, aroundrssesnd natural depressions, more frost
phenomena could be observed.

85



Part 1

Figure 3.8 Frost cracks (A) and evidence of fr8stQ) in Lib Amba. Where (B) is ice, (C) is
upheaval of the soil by needle ice.

3.3.2 Glacial and periglacial features — clast and sedientological
analyses

The main results of the landform analyses condiueicorrespondence between landform
and clast characteristics. Clast dimensions werasared and the Flatness Index (FI;
Calilleux, 1945) was calculated (Table 3.4).
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Table 3.4 Landform-clast characteristics

Mean clast dimensions Volumetric P
as
Feature (cm) (n=50) FI stone Aspect
hapé
a b c content (%)
7.5 5.2 3.3
Landslide rubble LA1 1.92 52 SR NW

(#3.3) (¢1.9) (21.3)

_ _ _ 6.2 4.3 3.7
Fluviosolifluction LA2 1.42 37 SA NW
(#3.1) (x2.3) (1.9

_ _ 55 4.7 2.1
Solifluction lobe LA3 243 71 A NW
(x1.9) (¢x1.1) (x1.0)

_ _ _ 4.3 2.7 1.8
Fluvio-Solifluction lobe LA4 1.94 47 SA S
(x1.6) (x1.0) (x0.8)

) 3.8 2.4 1.6
Buried rubble LA5 1.94 40 SA E
(x2.0) (¢x1.1) (x0.7)

45 29 18
Buried rubble LAG 2.06 51 A E
(#2.0) (x1.4) (20.9)

_ ) _ 6.2 4.2 2.9
Fluvio- solifluction lobe LA7 1.79 84 SA E
(x2.2) (#1.7) (x1.2)

_ _ 5.0 3.3 2.2
Solifluction lobe FA1 1.89 50 A NE
(x2.0) (#x1.4) (x1.0)

_ _ 5.0 3.5 2.3
Solifluction lobe FA2 1.85 40 A NE
(x2.2) (¢1.6) (£1.0)

_ _ 4.4 3.1 1.9
Solifluction lobe FA3 1.97 435 A NE
(x1.8) (#1.3) (x1.1)

_ _ 4.5 2.9 1.7
Solifluction lobe FA4 2.18 47 A N
(x1.4) (x0.9) (x0.7)

_ _ 3.8 2.7 1.7
Solifluction lobe FA5 191 28 A N
(x1.4) (x1.3) (0.5)

Moraine AY 10-20 ND ND ND ND VA N

SR = subrounded, SA = subangular, A = angular, VA = very angular; ND = No Data

The solifluction lobes consist of angular clastattare oriented parallel to the slope
angle and are often embedded in a yellow-brown imaif loamy silt. Over 40
solifluction lobes were observed in the entire gtadea. They occur mostly on northern
slopes and reach down to 3650-3670 m (Figure 3.9A).
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The solifluction lobes in Ferrah Amba were foundrarth and north easterly facing
slopes (Figure 3.9B), close to each other (FigurdB The major axis of most of the
stones in the profile (60-80%) is parallel to theps direction. All solifluction lobes had
similar distributions of the different clast shapesth mainly angular and subangular
clasts.

The solifluction lobes in Lib Amba were mainly faion the north, northwestern, and
western slopes around the highest peak (Figure)3B#ey consist of mainly angular and
subangular stones. The major axis of most of theest in the profile (60-80%) is parallel
to the slope direction.

(A) Lib Amba . (B) Ferrah Amba
701
60
NE NW 50 NE
40
30
20
10
w 2 w o E
SW SE SW SE
S S

Figure 3.9 Compass card with the percent of aremldfuction lobes for each orientation for
the study area of Lib Amba (A) and Ferrah Amba (B).

Other profile analyses were interpreted as landéowith a different genesis. Profile
analysis LA1 (Table 3.4) is interpreted as landslidbble, with more rounded and less
elongated clasts. The stones are also less protirected in the slope directions. The
matrix that embedded the clasts was a dark santljnsmontrast with the yellow-brown
matrix of loamy sand observed in the solifluctionfpes. Profile analyses LA2, LA4, and
LA7 were interpreted as fluviosolifluction materwgith more subangular and subrounded
stones.

Additional information about landform genesis wasiged from the texture analyses
of the matrix. The matrix of LA2 is clearly sandigran the matrix of the solifluction
lobes (FA5 and LAG6), where the finer fractions arere represented (Figure 3.10). The
coarser matrix texture is also an indication ofewxatisturbance. The matrix of LA4 is
sandier and the landform was probably disturbedluyal processes. The andosol soil
consists of the finest material and is black, wnlike matrix of (fluvio)solifluction
material (Figure 3.10). It originates from weatlievelcanic bedrock.
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Figure 3.10 Results of laboratory soil texture gsialin a cumulative curve for the different
soil classes.

An additional analysis was conducted in the Aburasef. On site 2 of an AFG, a
profile pit was dug over the moraine in order t@lgse the morphometry of 100 stones
not exposed to surface weathering (indicated onirEi§.4, site 2). The stones are in an
order from 10 to 20 cm and very angular with thi@dour flat surfaces. These angular
blocks were interpreted as frost weathered rockalee of typical straight, smooth
surfaces with sharp edges. No striations of ang lare found on the deposited stones.

3.3.3 Glacial and periglacial features — construction oaltitudinal
belts

Current and past altitudinal belts were reconstdicirom observations in the field

(Figure 3.11, Figure 3.12). Only in the study apé&buna Yosef, a small and very local
glacial belt is present. The inactive solifluctitabes found in the field are assumed to
date from the LGM, although absolute dates areihgckSimilar observations in the

Simen and Bale Mountains also report LGM-aged feat(Hurni, 1981; Mohammed and

Bonnefille, 1998; Osmaston et al., 2005).
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Figure 3.11 Altitudinal belts of the LGM for theusly area based on observations in the field
in comparison with the altitudinal belts for ther®n Mountains (top figure by
Hurni (1981).

The difference between northern and southern slapetear (Figure 3.11). Eastern
slopes are similar with western slopes. An afrorspforest presumably existed
underneath the periglacial and the grass beltnbuteld observations confirmed this. In
general, the altitudinal belts of the LGM for thady area reach higher altitudes than the
altitudinal belts observed in the Simen Mountaing Burni (1981) based on
geomorphological evidence (Figure 3.11).
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Figure 3.12 Contemporary altitudinal belts inclgidegraded and disappearédca forest
because of human disturbance, compared with cumegétation belts for the
Simen Mountains (top figure by Hurni (1981).

Contemporary altitudinal belts consist Bicalyptusand cropland in the lower belts
and degradeétrica forest and afro-alpine grassland with typical shsplecies andiant
lobelia (Figure 3.12). No current periglacial belt is regmeted because current
solifluction processes were not observed.

3.4 Discussion

3.4.1 Landform genesis: glacial and periglacial features

Avalanche-fed glaciers

Morainic ridges were found in the study area of Adburosef. Because a cirque is not
present and the calculated avalanche ratio sutjgeeginportance of avalanches for glacier
survival (Table 3.3), a small avalanche-fed gladgersuggested to have caused these
features. The clear ridges present at the siteRidxca regular rock fall origin. The
present of a fine matrix in the morainic materiatldahe clear difference between the less
blocky depressions and the blocky outer boundasfethe sites also exclude possible
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existence of a rock glacier. Present analoguesF@dare found elsewhere in marginal
glacial environments (e.g., Hughes, 2007; Cartueanal., 2013). For example, the
lowermost glacier in Italy is fed by avalanchesnirbigh rock walls, which also reduce
ablation of the glacier by topographic shading angplying debris. Thus, local topo-
climate conditions allowed the existence of sudtigrs, much below the climatic ELA.
Evidence is also given by Hurni (1982), who obsdrgenilar morainic features on the
Silki Mountains, formed by snow accumulation rattiean ice formation. Although these
local avalanche-fed glaciers are marginal, theyddarge morainic ridges (Carturan et al.,
2013). The summits of the Abuna Yosef range mayeHhasen lower than the modeled
Pleistocene ELA (4100-4400 m; (Hurni, 1981), stili avalanche-fed glacier existed
because of local topo-climate conditions. In tothfee sites in the Abuna Yosef massif
have been recognized to bear evidence of smallaavhé-fed glaciers. All sites are
located on northwest- to northeast-facing slopakae overshadowed by a steep ridge,
the Abuna Yosef plug (site 1), or structural religites 2 and 3). These uphill slopes are
considered potential avalanche contributors bectheseare steeper than 30°. Site 2 has
the biggest avalanche ratio (3.03), where the pialesnow contribution by avalanching is
three times the area of the former glacier. At 8itthe potential snow contribution by
avalanching is two times the area of the formecigteon. Only at site 1 is the avalanche
contribution area less than one time the areaefdhmer glacier. This could be caused
by overestimation of the glacial extent given thistubance of recent rock fall.
Nevertheless, only the avalanche areas were takenaccount. Snow could also have
been windblown from the plateau situated to thelsot@ithe sites (Figure 3.5). If this was
the case, the plateau would have been an enormausesfor snow for all the AFGs sites.
Thus snow input from avalanches and windblown smowst have been crucial for the
formation of small marginal glaciers in the Abunaséf massif. The big angular blocks in
the moraines were interpreted as frost-weatherekl because of typical straight, smooth
surfaces with sharp edges. The blocks did not stwyvevidence of striations or other
indications of glacial transport. However, no othgpothesis can explain the formation of
these ridges and natural depressions. If a smatjina glacier occurred in the shadows
of these steep structural escarpments, the glmar@port was possibly so short it did not
leave any striation marks on the rocks. Striatiares also not likely to be conserved on
basaltic rock (Hurni, 1981). These marginal glexigften have a debris cover, originating
from frost weathering of the overhanging bedrockrf(@an et al., 2013; Hughes, 2007).
If this was the case in the study area, this cdwdsle favored the marginal glacier
occurrence even more given the isolating propedfete debris cover. This could also
explain the relatively large ridges, consisting aft large angular blocks without
striations. The blocks would have been transpootedhe surface of the small marginal
glacier, originating from frost weathering of theeohanging structural escarpment.

92



Chapter 3

Solifluction and fluvio-solifluction lobes

Current solifluction activity in the Simen Mountairs present at an altitude of 4200-4250
m (Hastenrath, 1974; Hurni, 1981). Because thitudl exceeds that of the study area
and solifluction lobes are observed down to 360@h®,solifluction lobes are considered
inactive and dating from the LGM. Other indicatiafgheir inactivity are the presence of
abundant vegetation, which indicates a stable enment (Hastenrath, 1974; Grab,
2002), and the fact that road cuts across the lolees observed to be stable.

The solifluction lobes in our study area consistsofted periglacial rubble: angular
clasts that are oriented downslope and are oftdmedded in a yellow-brown matrix of
loamy silt. This is in line with observations irhet North Ethiopian mountains (Williams
et al., 1978; Hurni, 1981; French, 1996). The pdadigl material in the valley NW of Lib
Amba can be interpreted as fluviosolifluction ddafsobecause of a sandier matrix and
less angular stones in the profile. The post-LGriworking has incised through the
material. Similar observations were made in the édinMountains by Hurni (1981).
However, interpretation by using a clast shape lshioet made with caution. Angularity of
the deposits clasts is a questionable indicatorfrieeze-thaw weathering, because the
landform is a product of the interaction betweethltbhe geomorphological process and
the initial material (Hall and Thorn, 2011). Her#the initial material is basalt,
characterized by a typical spheroidal weatheringguar weathering of basalt has been
recognized as frost weathering in other North Hif@io mountains (Williams et al., 1978;
Hurni, 1981; French, 1996).

Although northwestern slopes bear significantly enorsolifluction and
fluviosolifluction lobes in Lib Amba, all differerdispects are represented in the data set.
This is not the case in Ferrah Amba where suchslazeur exclusively on north and
northeastern slopes, indicating that solifluctiomgesses was restricted to the colder
slopes. The environment was not cold enough totengeriglacial landforms on slopes
with less favourable aspects, similar with obseovat made in Lesotho (Grab, 1999).
However, solifluction lobes in Ferrah Amba can omlg found on slopes with less
pronounced structural cliffs. Formation of soliflion lobes would have been constrained
by these cliffs on other slopes. Less pronouncéts @n slopes with solifluction lobes
could also be a result of this solifluction procdsscause of coverage by soil movement.
Further investigations are needed to explore thgpetheses.

3.4.2 Patterned ground phenomena

Patterned ground and solifluction lobes can becatdrs of seasonal frost and permafrost,
so they cannot be used as unambiguous permafidisaiars. However, well-developed
landforms are often associated with permafrostdlgtiller et al., 2001). Only micro-
patterned ground phenomena from contemporary &osbn were observed in the study
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area. It is possible that no large-scale polygatepaed features were found in the study
area because of erosion and slope action afterdastecold period. However, large
polygon-patterned features were observed in the Baluntains (Grab, 2002; Miehe and
Miehe, 1994). This suggests that no or only loeahgafrost was present in the study area
during the LGM. While in the Bale Mountains, currdrost action is present down to
3200 m (Miehe and Miehe, 1994), current frost csamcur down to 3600 m in the study
area. This altitudinal zonation difference cleathows the difference between the current
prevailing climates in these two mountainous arBassibly this was also the case during
the LGM, explaining the absence of permafrost i skudy area. In the Abuna Yosef,
more pronounced frost cracks were observed neaarss, ranging in the metre scale.
This is in agreement with observations of Fren&d®@) and Grab (2002).

3.4.3 Glacial and periglacial landforms and their implication for
paleoclimate reconstructions

Interpolation of observations in the Bale and SinMountains showed that the lower
limit of present periglacial processes exceedsttiieide of the study areas (Figure 3.13).
Altitudinal belts for LGM and the present are samifor all three study areas. Figure 3.13
also shows that the observations made in this stuelyn line with the other observations
around those latitudes concerning lower limit ofiglacial processes during the LGM.

4500
4300
4100
3900
3700
3500

3300 M Present
3100 #0wn

i observations
2900
2700 —Semien Bale

2500
14 12 10 8 6 4 °N

¢ LGM

Elevation (m asl)

Figure 3.13 The lower limit of the periglacial pesses during the LGM and at present in
Ethiopia by latitude is shown based on findings Sgott (1958), Hastenrath
(1974), Messerli et al. (1977), Williams et al. {89, Hurni (1989), and Grab
(2002) and our observations (FA = Ferrah Amba, LAil Amba, AY = Abuna
Yosef)
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The ELA is often used for paleoclimatic reconstie$ and can be calculated from
elevation of morainic material (Nesje and Dahl, @0®owever, only in the study area of
Abuna Yosef was morainic material of avalanche-@gaktiers found, typically formed
below the modelled ELA due to local topo-climatendions (Hughes 2007; Carturan et
al., 2013). Since the periglacial belt is paralethe ELA (Hurni, 1981), the altitudinal
differences between the past lower limit of theigiacial belt and the present lower limits
of periglacial processes can be used to recongtragialeoclimate.

In the study area, temperature dropped around BRfLie 3.14). This is less than the
temperature drop of 7°C based on geomorphologiwddeace and calculated by using the
dry adiabatic lapse rate for in the Simen Mountéyngdurni (1981). Since the study area
is lower in altitude, a less pronounced coolingexpected. The highest study area, the
study area of Abuna Yosef, also experienced theatgsé altitudinal depression
(Figure 3.14). Higher mountains are more sensitove&limatic changes and experience
larger shifts in altitudinal belts (e.g., Haebeahd Beniston, 1998). The temperature
depression computed for the study area is in thmesarder of magnitude as those
observed elsewhere in East Africa (Hurni, 1981; @ston and Harrison, 2005;
Osmaston, 2004)

4300

4200 4 4
4100
% 4000
S == Lower limit periglacial
E 3900 561-m 624 m 562 m processes (present)
5 =56°C ~6.2°C =56°C
£ 3800
>
o v
w3700 — _n —#—Lower limit periglacial
3600 +—FA ————— A processes (LGM)
AY

3500
129 12,8 12,7 126 125 124 123 122 121 12 °N

Figure 3.14 Altitudinal depression of periglaciabpesses in the study areas (FA = Ferrah
Amba, LA = Lib Amba, AY = Abuna Yosef). Limit of psent processes is
interpolated from observations in the Bale and &ifvuntains; limit of LGM
processes from field observations.

95



Part 1

3.5 Conclusion

This study focuses on three mountain areas in iffddnds of North Ethiopia (total area
of 47.3 knf) for which glacial and periglacial research hasvemebeen done.
Geomorphological mapping with focus on these larmdfowas conducted in the study
area of Abuna Yosef, Lib Amba, and Ferrah Amba. piteeluced map is not only the first
geomorphological map of the study area but alsoddrtee very few maps with a focus
on glacial and periglacial morphologies in the Bpii@n highlands. Because (peri)glacial
research is limited in the intermediate mounta®800—4200 m) in Ethiopia and other
tropical mountains with similar environmental camahs, the study area can be seen as a
representative case study for all intermediate r@ns in the tropics. In the high
mountains of Ethiopia (above 4200 m), evidence adtgsmall glaciers is present in the
Bale, Arsi, and Simen Mountains. Although the stgga lies entirely underneath the
modeled equilibrium line altitude (ELA), small margl glaciers are suggested to have
existed in the upper north-facing slopes of the Webifosef range in the absence of more
substantive evidence. These glaciers were fed biaaghes and overshadowed by steep
slopes and the ELA was depressed locally. Frostheead debris from the overhanging
cliffs formed an isolating layer on top of the g&as and made distinct morainic ridges
with large angular blocks. Thus, local topo-climatnditions ensured the existence of
these glaciers, presumably dating from the LGMaalthh absolute dates are lacking.

In the other parts of the study area, no morainatenmal was found but solifluction
lobes and fluviosolifluction material are presehithough absolute dates are lacking, all
these landforms are assumed to date from the LiastiaghbMaximum (LGM) based on
similar observations in nearby mountain areas. €upbrary frost action could be
observed in the form of small-scale patterned gilophenomena. Needle ice was not
observed because the timing of the fieldwork wad meal for observing this
phenomenon. Compared with the Simen Mountains,laindontemporary and LGM
altitudinal zonations occur in the study area, &g located 100—-200 m higher than in
Simen. Solifluction lobes do not reach as far doand a glacial belt is not present in Lib
Amba and Ferrah Amba. Current solifluction procesde not occur in the study area.
This has implications for paleoclimate reconstmttiA temperature drop around 6°C was
calculated for the LGM in Ferrah Amba, Lib Ambagdan the Abuna Yosef range. This is
less than the temperature differences reconstrdotettie Simen Mountains and explains
the altitudinal differences of the belts of arodr@)—200 m.
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Chapter 4 Physiognomy of afro-alpine forests
under different growing conditions in North
Ethiopia
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Abstract

Overall, forest management in Africa south of tteh&a is constrained by
insufficient knowledge about the condition and stuwe of the forests. In this
chapter, the stature and treeline structure of Ehiea arborea forest is
explored for different elevations and growing cdiais in the North
Ethiopian highlands. A comparison is made betwegmhé lightly logged
forest in Lib Amba Mt. and the heavily logged fdresFerrah Amba Mt. and
(ii) tree growth in the central forest and at theess-exposed treeline. The
forest stature is described based on exploratany mpleasurements of the
trees and forest indices; canopy cover, basal aesght diameter coefficient
and tree life crown ratio. The treeline structurasvanalyzed from transect
measurements across the treeline ecotone and Mtinglea sigmoidal
function through the tree-height elevation relatiohhese exploratory
measurements indicate that the forest of Ferrah @rmh. is strongly
disturbed, there are a high amount of tree sturapp.(30%) and more than
50% of the trees are damaged. The forest canopywisand average tree
height is less than 2 m. This is the result of twad anthropo-zoogenic
pressure, which degraded the Ferrah Amba foreatdwarf forest. On the
contrary, increased protection measures have prswecessful in Lib Amba
Mt. Average tree height is more than two meteg ttensity is almost double
and the forest canopy gives more than 50% cokeca growth at the
treeline ecotone is indicated to be higher on lgeliion lobes than in the
surrounding depressions, due to competition. Ttudysindicates that there
is a high need for improved forest protection imr&le Amba Mt., especially
on the steep slopes, in order to allow a naturawery of the forest. Such
forest recovery is vital for a continuation and amtement of the ecosystem
services provided by afro-alpine forests.

Keywords: forest management, treeline structumestandices, competition
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4.1 Introduction

The existence of a more luxuriant forest one huhgears ago in North Ethiopia has been
disproven by Nyssen et al. (2009, 2014). The caribf woody vegetation and soil and
water conservation structures were proven even avaisthe early 20 century as
compared to the present status (Nyssen et al.,)2®iewever, the upper afro-alpine
forests are under-represented in such analyseen&ats about the afro-alpine forest are
mainly derived from analysis in the protected emwiment of the Simen Mountains
(Nyssen et al., 2014), while forest cover changeliss in Lib Amba Mountain of the
Abune Yosef Mts. indicate that the higher mountaigions were only recently colonized
and that the forest is degraded due to intensHigdan pressure (Chapter 5). In general,
forest management south of the Sahara is constréynénsufficient knowledge about the
condition and structure of the forests (Hitimanaakt 2004). The same is true for the
physiognomy of the afro-alpine forests in Northéithiopia. This is not without risk
because the highland forests provide importantystesn services to local communities
and the environment (Bognetteau et al., 2007). d hexests function as a hygric buffer,
by capturing and storing rainfall, and benefit tee twater balance of the mountain
ecosystem and the agricultural areas in the sudiagnlowlands (Aerts et al., 2002;
Markart et al., 2007; Miehe and Miehe, 1994). Theal communities are also highly
dependent on these forests and directly impact tfi@mtheir subsistence through
livestock herding, fire and wood harvesting (Figdr&) (Boahene, 1998; Wesche et al.,
2000). This descriptive chapter gives an exployatosight in the physiognomy of the
upper forest belt in the North Ethiopian highlamdsassociation with different levels of
forest degradation. The forest physiognomy is @efims “the form and structure of
natural communities” (Oxford Dictionnary of Plamiences, 2013).

Figure 4.1 Anthropo-zoogenic pressure on the dftm@ woody vegetation in the North
Ethiopian highlands; (A) collection of tree bransh@,C) deforestation (D)
livestock browsing.
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4.2 Methods

4.2.1 Study area

This chapter studies two mountain forests in thetiNdethiopian highlands under
contrasting management conditions. Lib Amba (3993a.81l.) of the Abune Yosef Mt.
range which is completely protected since 2007 BhdFerrah Amba (3939 m a.s.l.)
which is weakly protected and continues to be gfisomfluenced by anthropo-zoogenic
impacts (Figure 4.2).

Based on interviews with local guards in the staBas, the protection policy could be
reconstructed. The northern forest of Lib Ambatricy guarded; it is not allowed to
graze and to cut any tree or branch in the fofidstre is a team of 31 guards responsible
for the protection of the forest. There are plansekploit this area for tourism by
attracting hikers from the nearby touristic cergetalibela. The policy of Ferrah Amba
on the other hand is less strict. The mountainvsléd in five parts with in total 8 guards,
only one of these parts is closed. In the othetspéars allowed to graze, to collect dry
branches and possibly to cut a big tree or to peegaewood for a ceremony
(funeral/wedding). Moreover, illegal cutting is \epread because the guards are not well
trained and under-represented.
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Figure 4.2 Location of the study areas

4.2.2 The afro-alpine belt

The limit of the afro-alpine belt is defined as tmea higher than approximately 3200 m
a.s.l. (Egziabher, 1988). Plants growing in thioalpine belt are exposed to intense
radiation, due to the high altitude of this belhis causes a stronger temperature gradient
between the aerial and underground parts of thd,phth as result a higher transpiration
than water absorption rate. Consequently, plantst ine adapted to drought, despite the
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relatively wet conditions in the highlands (Egziehh1988). In adaptation to these
conditions, plants are succulent (&apiphofia spp.), cushion forming or spinescent (e.g.
Helichrysum citruspinuin Plants in the afro-alpine belt are thereforegemeral slow
growing and low of stature (Egziabher, 1988).

Plant distribution is subdivided between slopes #ater grounds, based on moisture
availability. On the flatter ground, water pondsdawater-loving species occur (e.g.
Ranunculusspp.) (Friis et al.,, 2010). On slopes, moisturailability is lower, the
vegetation consists of meadow grasses (eegtuca, other herbs (e.grrifolium acaulg
with patches ofLobelia rhynchopetallumcushions ofHelichrysum citruspinum and
shrubs ofErica arborea Erica arboreais especially extensive in the lower afro-alpine
belt. When left unburntrica grows to tree-size at this elevation, even on ¥Ry soils
(Egziabher, 1988). On areas with well-drained deefs, at the lower limit of this belt
Hagenia abyssinicarees are growing (Egziabher, 1988; Friis et2010). Poor drained
flatter areas are open and develop meadows andapeainulation. The combination of
frequent heavy rains and the steepness of thertamakes this belt very vulnerable to
water erosion and human interference (Lambin, 1997)

Nevertheless, this belt is a very important souofedry season water and the
ericaceous forest in this belt is also important fieany endemic animals such as the
Walia ibex Capra walig and Mountain NyalaT{ragelaphus buxtoni LydekRerThe
destruction and fragmentation of this forest hageeskly affected the habitat of these
species, putting their survival at risk (Alemayedual., 2011; Yihune et al., 2009).
Another flagship species living in this habitat amdthe edge of extinction is the endemic
Ethiopian wolf Canis simens)gTefera, 2011).

4.2.3 Forest sampling and measurements

The study areas were selected to represent diffgrewing conditions oErica arborea
trees. As stated, the two mountains have diffel@yging intensities and histories. The
forest of Lib Amba is protected, while the forefFerrah Amba is exposed to continuous
human interference. Tree characteristics were exfgoy measured in two small plots of
100 m2 in each of the two mountain areas (FiguBe Bable 4.1). In each study area, one
plot was delimited in the central forest and a selcplot at the (stress-exposed) treeline
(Figure 4.4).
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Figure 4.3 Position of the treeline plots (A) Farrmba (B) Lib Amba. Inserted are detailed
photographs of the treeline plot areas.

Table 4.1 Plot characteristics

Central forest Treeline forest
Lib Amba Ferrah Amba Lib Amba Ferrah Amba
Latitude (lat)  12°04'44” N 12°51'53" N 12°04°40" N 12°51'45" N
Longitude (long) 39°22'21" E 39°28'60" E 39°222% 39°28'58" E
Aspect N N N N
Altitude (m a.s.l.) 3664 3686 3711 3761
Slope gradient (°) 28 27 22 32

Traces of disturbances at the treeline were medswithin these plots. Disturbances
are defined as direct human damage of the treesuttiyng branches or complete trees.
This human impact is measured by counting the ragtiof branches and tree stumps
within the tree plots. The result is representedd)ypercentage of tree stumps in the plot
and (b) percentage of damaged trees in the pl@ddition, recruitment dErica arborea
trees at the treeline was measured along the piysioic treeline with measurements in
31 small plots of 9 m? at 20 m intervals (Figuré,R). In every plot, the density and tree
height of individuals between 3 and 30 cm and #wesdy of trees higher than 30 cm were
measured.
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Figure 4.4 Schematic representation of the platioas; (black) central and treeline plots of
100 m2?, (green) recruitment plots of 9 m? at tleeline and (blue) transect plots of
9 m?2 perpendicular across the forest.

The tree characteristics &rica arboreatrees measured in each plot are: (a) stand
diameter, (b) stand basal area, (c) stand heighti@nstand density. The stand diameter
(a) is, most commonly, measured at breast heighiveider, due to the bush size of trees
at the treeline the diameter of the largest stem mvaasured at ground level. In forestry,
the diameter is expressed as the Quadratic Meamdd& (QMD); this is a measure for
the diameter of the tree with the average per el area (Curtis and Marshall, 1959).
The basal area (b) is an important stand strugiarameter. This parameter is calculated
by summing the cross sectional area of the indalidtees and is expressed by square
meter per hectare (m?/ha). As mentioned, ground! ldlameter is used instead of breast
height measurements. Because tree height in tlly sitea is relatively low (less than 5
m), the stand height (c) was directly measuredgusirpole. The stand height can be
expressed in different ways. Beside the simple ageor median height, the dominant
height, top height or Lorey’s weighted mean heighh be used to avoid the effect of
thinning. For the calculation of Lorey’s weightedeam height, the contribution of
individual trees to the stand height is weightedtbgir basal area. Due to the high
anthropo-zoogenic pressure in the study area, sultlanced height expressions are
preferred. The stand density (d) is derived fromntmg the trees within the plots and can
be expressed as Trees Per Hectare (TPH).

Beside these stand parameters, the stand struetasefurther analyzed using the
Height Diameter Coefficient (HDC), the Tree Liveodn Ratio (TLCR) and the Canopy
Cover (CC). The Height Diameter Coefficient (HDG) & ratio between height and
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diameter. This important parameter gives an indioadf the structure and stability of the
stand. Lower HDC values indicate small trees withiek stem (Vospernik et al., 2010).

The TLCR is determined by dividing the live crowangith by the actual length. This
ratio is important because a bigger crown is rdlatgh better tree growth and a better
ability to respond to improved competitive enviramnts (O’'Hara, 2014).

Live Crown Length
Height

TLCR = ( ) x 100

The Canopy Cover (CC) is the most important ecclagvariable of the forest. It is
defined as the proportion of ground covered by Hicsd projection of the canopy
(Jennings et al., 1999). The canopy cover of edmtmyas measured using a vertical GRS
densitometer, along two perpendicularly crossing-intercept transects of 50 m (Stumpf,
1993).

Cautiousness is needed for the interpretation eddlparameters. It is not possible to
interpret the plot-derived parameters as absolwtfleations of the vegetation
physiognomy, due to the small sample size of téle fplots. However, the representative
location of the plots does allow a general and tikadainterpretation of the forest
parameters.

4.2.4 Transect measurements

Treeline ecotones can be gradual transitions, aliropndaries, or patchy mosaics. The
respective structures give an indication about diggamic properties of the treeline
(Bader, 2007). The treeline structure was measatréour vertical transects perpendicular
to the forest boundary, crossing the treeline awotm both study areas. Along these
transects the height and density of trees andseedlings was measured in 9 m2 plots at
10 m intervals (Figure 4.4, T1-T4).

A natural ecotone is not a sharp boundary in tmeldeape, but a zone of gradual
change. The vegetation within a natural ecotoneoides patchy in competition of
resources at the margin of its environmental toleeaand gradually decreases. A gradual
transition is best described with a sigmoid wavemfqCairns and Waldron, 2003).
Subsequently, the treeline ecotone was described) @s curve fitting method (Bader,
2007); a logistic function with height as a funatiof distance was used. In this model the
steepness of the function is representative foabraptness of the treeline.
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4.2.5 Relationship between gelifluction lobes and tree gmth

In the treeline ecotone of Lib Amba, tree countsreveonducted to investigate the
relationship between gelifluction lobes aBdca tree growth. In 42 plots of 25 mz?, the
number ofErica trees were counted at different elevations along gelifluction lobes
and in between depressions at the northern sloggboAmba. In addition to the field
counting, on screen photo counting was conductad three extra gelifluction lobes and
in between valleys. For both the field counting @hdto-counting datasets, the amount of
Erica trees was weighted with the area of the lobe erd#pressions where they occur.
The area of each depression and lobe is calculatddcGIS using zonal geometry from
the Spatial Analyst toolbox. This way, the amoutErsica trees occurring can be
expressed per hectare. Because the data is noalprstributed, a Kruskal-Wallis test
is used to test the difference between vegetatooaroence on the lobe and in the valley
between the lobes.

Because a difference in vegetation is often causediifferent soil properties, solil
thickness on the lobes and in the valley in betwid®nlobes was measured. In each
counting plot, an auguring was performed, two tiraeshe top of the lobe and in the
valley and two times at each side of the gelifloictiobe.

4.3 Results

4.3.1 Forest characterization for the study sites

The disturbance factors, tree stumps and tree damadicate anthropogenic induced
disturbances in both study areas (Table 4.2). Towthern forest on the Lib Amba
Mountain is thus not a completely protected or studbed forest. Therefore, the forests
are better re-categorized as “heavily logged” dightly logged” (Hitimana et al., 2004).
As expected, human disturbances are especially inighe Ferrah Amba forest, with a
high number of tree stumps (app. 30%) and more 584 damaged trees in the central
plot (% of total trees). At the treeline, the obsel differences are less big for the
disturbance factors, but they are more than doidbléhe observed recruitment numbers.
Recruitment in Ferrah Amba is thus inhibited.
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Table 4.2 Disturbance and recruitment

Central forest Treeline
Lib Amba  Ferrah Amba Lib Amba Ferrah Amba
Total number of trees (N) 77 42 38 46
Disturbance
Tree stumps (% of total trees) 8 30 12 20
Damaged trees (% of total trees) 41 60 18 18
Recruitment
Average tree height (<3gm) 16.0 16.4
Tree density (<30)trees/m2) 12.8 5.5
Tree density (>30)? (trees/m 15.4 4.6

Trees between 3 and 30 cm; 2Trees above 30 cm

The effect of these different levels of forest d@detgtion is reflected in the stand
structure parameters. The central forest of Lib Amb in a more natural state in
comparison to the forest of Ferrah Amba. The wedhtorey’s mean tree height is more
than 1 meter higher in Lib Amba, the forest is @nsnd the stand density is almost
double (Table 4.3, Figure 4.5). The stand foredices similarly indicate better growing
conditions in the Lib Amba forest. The canopy coule basal area and the height
diameter coefficient are almost double in Lib Amiéth other words, the central forest
in Lib Amba is denser with bigger trees and a lpettveloped tree crown. The tree crown
is an indicator of the health and vigor of the &ré&rees. The tree crown forms the
structural architecture of the forest ecosystemiandhportant for the regulation of solar
energy, nutrient recycling, precipitation distritomt and moisture retention of a forest
(Zarnoch et al., 2004).

Although tree height is significantly higher in Lkmba, the quadratic mean diameter
is not significantly different between the two sfuareas. This indicates that tree growth
in Ferrah Amba is disturbed. Tree height is lowecduse trees are cut due to human
interference, whereas the diameter at ground lkeeps growing with a similar rate as
observed in Lib Amba.
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Table 4.3 Stand structure parameters

Central forest Upper forest
Lib Amba  Ferrah Amba  Lib Amba  Ferrah Amba
Stand parameters
Trees per hectare (TPH) 7700 4200 3800 4600
Tree height (cm)
Min 27 13 38 20
Median 223 125 103 105
Max 450 360 145 220
Average 225 127 99 100
Weighted Lorey’s mean height 339 193 115 155
Top height (TH) 362 195 114 163
Dominant height (DH) 344 188 116 149
Diameter ground height (cm)
Min 1.6 2.5 2.5 1.3
Median 7.0 7 5.1 4.8
Max 15.0 18.1 14.3 9.9
Average 7.2 7.2 5.6 5
Quadratic mean diameter (QMD) 8.1 7.9 6.1 5.4
Stand statistics
Basal area (BA) (m#/ha) 30.2 14.3 8.8 6.2
Canopy cover (%) 59 31 38 59
Height diameter coef. (HDC) 38 23 22 30
Tree live crown ratio (%) 43.6 68.4 79.7 84.6

The differences that we observed between the ttes &n the central forest are not
found at the treeline elevation. At the treelimegtheight is limited and trees are gnarled
with umbrella shaped crowns in both sites. Thiadsording to expectations because the
vertical growth is increasingly limited by exterrfalkctors (Kérner, 2012). The treeline
dwarf forests are the result of the harsh climatéha treeline (Holtmeier, 2009). The
gnarled forest structure at the treeline affeae tieight more than tree diameter (Korner,

2012).
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Figure 4.5 Comparison of the stand structure between the aetests of Lib Amba and
Ferrah Amba

4.3.2 Treeline structure

The treeline ecotone shows an abrupt change irheght for the two mountains (Figure
4.6). In Ferrah Amba this treeline shift is asstedawith the structural relief. Tree growth
above 3790 m is depressed in height and limitedkimsity. In Lib Amba this treeline shift
is found at 3700 m. However, tree density of shsizie- trees above the treeline shift is
especially high in Lib Amba. Tree height is highasthe steepest parts along the treeline
ecotone.

The transition in vegetation height is expectedotlow a sigmoidal pattern in natural
conditions (Cairns and Waldron, 2003). The treedéinetone in both Lib Amba and Ferrah
Amba Mt. can be significantly fitted by a sigmoidalrve (p<0.05) with a coefficient of
determination (R?2) of respectively 0.62 for LA aAdb8 for FA (Figure 4.7). In both
mountains, tree height sharply declines at thditreelevation. In Ferrah Amba, there is a
gap with no measurements between approx. 3750 88@ M a.s.l., this is due to the
structural relief of the mountain, above this etewatree growth is very small (<1 m).
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Figure 4.6 Maximum tree height and tree densitgseociation to the topography as shown
by a topographic profile. Arrows indicate treelibeundary shifts. Respectively,
Ferrah Amba (A, B) and Lib Amba (C,D).
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Figure 4.7 Sigmoidal function fitted through treeidht of Erica trees along the treeline
ecotone (A) Lib Amba and (B) Ferrah Amba.

4.3.3 Preferential tree growth in the treeline ecotone

The occurrence oErica individuals is indicated to be significantly diféat between
gelifluction lobes and depressions (Kruskal-Wallks,0.05). On the lobes a mean of 36
individuals per hectare are found in the treelicetene, whereas only a mean of 13
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individuals per hectare are found in the depressidns difference can be potentially
explained by differences in soil thickness. Measwets of soil thickness of gelifluction
lobes in Lib Amba and Ferrah Amba were indicatedaosignificantly different. More

soil cover is observed in the depression and asitteeof the lobe (Figure 4.8).
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Figure 4.8 Soil depth in relation to gelifluctioobles in Lib Amba (1: on the lobe; 2: on the
side of the lobe and 3; in the depression). Soptlie are derived from 70
augurings, of which 16 on top of the lobe, 27 om dide of the lobe and 27 in the
valley.

4.4 Discussion

The harsh environment at the afro-alpine belt &edsite-specific conditions are reflected
in the physiognomy of the high altitude trees ribartreeline (Holtmeier, 2009). Average
tree growth at the treeline elevation is less than in both sites. Trees at the treeline are
more exposed to climatic influences (wind, radiatifsost and others) and as a result tree
height and annual growth decreasEsica trees at the treeline form multi-stemmed
stunted growth forms, also known as “dwarf foregidiehe and Miehe, 1994). However,
these scrub-sized trees are considered part efpgher forest (Brass, 1964).

At the central forest of Ferrah Amba the limitedetrgrowth (less than 2 m) is not
climatic induced, but the result of high anthropugepressure. Tree stumps are widely
observed (app. 30%) and more than 50% of the skew evidences of human induced
tree damage. Moreover, the use of the term ‘forfesttree growth in Ferrah Amba is not
appropriate according to a strict interpretationtled definition of a forest (with a 3 m
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minimum limit) (FAO, 2010). However, this scrub-sinf the forest is caused by human
disturbance and for this reason the term ‘forestiged in this chapter.

Anthropo-zoogenic forest pressure is caused byl heed of the local population for
wood products. Local communities are dependenbogst products for their subsistence
and the lack of open natural forests causes thesativhuman pressure. The intensified
pressure on the afro-alpine landscape causes eseng®xl degradation of the landscape.
One of the key elements for sustainable land manegeis the creation of forests at
critical locations. Especially, the steep slopessimioe protected to ensure water in
downstream sources in the dry season and the redwdtsoil erosion (Egziabher, 1988).

Forest recovery in Ferrah Amba is thus vital faoatinuation and enhancement of the
ecosystem services provided by afro-alpine foreSteh increased protection measures
have proven to be successful in the northern farekib Amba Mt. Average tree growth
is more than one meter higher in Lib Amba, treesdgns almost double and the canopy
cover is much higher in Lib Amba. These measuremetdarly indicate the healthier
status of the forest in Lib Amba. However, this magdercussions for the southern forests
of Lib Amba Mt., which are intensively disturbed danlegraded to remnant forest
(Chapter 5). Livestock pressure is high in Lib Amfagure 4.9) and shifted to the
surrounding areas in response to the forest cloSingtainable management thus implies
a region-wide vision and reserving open areashi®ildcal communities.
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Figure 4.9 Livestock distribution spotted in Lib Amon 14 September 2012. The graduated
symbols show the Tropical Livestock Units (TLU) fire neighboring villages
around Lib Amba Mt. The TLUs are summed for allebtock animals. The
livestock numbers are visually counted on 14 sep&rd012 by Gashaw Derebe.
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Erica individuals at the treeline ecotone grow more aamily on gelifluction lobes
than in the moist depressions in between (Figur@)4.Investigations towards soll
thickness revealed a thicker soil cover at the loweles of the lobes and in the
depressions in between. This soil thickness digiobh can be explained by soil wash
because of heavy rains. Soil erodes on top andradaies at the sides of the lobes. This
can also explain the more abundant vegetation éenviilleys and the more frequent
occurrence of grasses on the lobes (Figure 4.1ty. dbservation of morErica on the
lobes seems in contrast with the apparently moveuiable conditions (more soil and
water availability) in the depressions. Competitisnproposed in order to explain this
contradiction. Two ecological theories about contjpet can be applied. The C-R-S
theory, first introduced by Grime (1979), stateattbompetition intensity is positively
correlated with habitat productivity, resource atmmce and neighbor biomass. In
general, afro-alpine environments will thus experee less competition compared with
more biodiverse habitats. However, if we apply thsory on microscale, considering the
top of the lobes as a more infertile and exposdiitdta more competition will take place
in the depressions where the resources (water @hdase abundant. Also, competition
increases if the competitor increases (Grime, 1988,9) and there is clearly more
vegetation in the moist depressions. The shiypericum revolutunms very abundant,
together with giant lobelia. This theory has asotpns that it only focuses on resource
demand and does not take resource supply into atcéberefore, the Supply-Demand
(S-D) theory is proposed by Davis et al. (1998)rd;léhe net resource availability is
important. In this study, the shritlypericum revolutumowers the net soil and water
availability for Erica shrubs by its abundance in the more favorableedspns. It seems
that competition is a more limiting factor farica growth than soil and water limitations.
Observations oErica on very rocky slopes with thin soil cover confithis hypothesis.
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Figure 4.10 Schematic representation of the relaligp between soil thickness and vegetation
occurrence on a gelifluction lobe in Lib Amba

4.5 Conclusion

Tree characterization and transect measurementseirstudy areas give insight in the
stature and structure of tikgica arboreaforests under different growing conditions. The
forest in Ferrah Amba is degraded under anthropgeoic pressure to a dwarf forest.
While the lightly logged forest in Northern Lib Amls naturally growing with higher
trees, with a higher canopy cover and subsequantigalthier natural forest status. This
study indicates the need for improved forest mamay¢ in Ferrah Amba mountain,
taking into account the important ecosystem sesvafeheErica arboreaforest for local
communities, for wildlife species and against latejradation. In the treeline ecotone
Erica growth on gelifluction lobes is more abundant thethe surrounding depressions,
although more soil and water is available in theprdssions in between. In the
depressions, abundant vegetation is present, tiogssut of Hypericum revolutunand
Giant lobelia. Competition betwedtrica and these species is a more limiting factor for
Erica growth than soil and water limitations. The intotdon of protected forests is
especially important on steep slopes. Moreoverreamed forest protection is proven
successful in the Northern forest of Lib Amba MtsAstainable management must thus
be developed on a regional level and must alsoséereareas open for the local
communities.
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The repeat photograph on the back of this pagekent from the southern slope of
Lib Amba Mt. looking towards Aboy Gerey Mountain5&b m a.s.l.). The 1917

photograph is taken by Conte Fillipo M. Visconti an Italian trade mission from

Leggu (Woldia) to Tembien (© Italian Military Geaghical Institute) and the 2013
repeat photograph is taken during fieldwork on @l 2013. This 1917 terrestrial

photograph gives a unique insight in the historiggh altitude forest cover.
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Chapter 5 Afro-alpine treeline dynamics and
afromontane forest cover change since the early
20" century — the Lib Amba case
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Abstract

High altitude forests are very important for loteklihood in the vulnerable
environment of the densely populated tropical lagbds. Humans need the
ecosystem services of the forest and directly irnghe forest through
livestock herding, fire and wood harvesting. Neheléss, temperature
sensitive treelines in the tropics are scarcelyestigated in comparison to
higher northern latitudes. In this study, tBeca arboreatreeline is studied
in a tropical mountain in the North Ethiopian higidls: Lib Amba of the
Abune Yosef Mt. range (12°04’'N, 39°22’E, 3993 m.lg.s The present
treeline and forest cover was recorded by highluésn satellite imagery
from Google Maps and field data (2010-2013), whilgtorical forest cover
was studied from aerial photographs (1965-1982) apeéat photography
(1917-2013). The aerial and satellite images wemngtrically rectified and
classified in forest/non-forest binary maps. Thaaby forest layers were
used to detect forest cover change and treelineardygs by image
differencing between the three time layers (19682t12010). These maps
and a terrestrial photograph indicate two peridddeforestation (1917-1965
and 1982-2013), whereas the forest cover was shathecen 1965 and 1982.
Deforestation was especially severe (with 63%) betw1982 and 2010,
associated with protection of the afro-alpine fosd a population increase
from 77 to 153 inhabitants per square km. Therggagificant evidence that
the elevation of thé&rica arboreatreeline increased 7 to 15 vertical meter
between 1965 and 2010, in an area with decreasilgrago-zoogenic
pressure.

Keywords: Treeline shift; Forest cover change; Lamdupation; Climate
change; Land management; Tropical highlands

125



Chapter 5

5.1 Introduction

High mountain forests are very important for theelihoods of local communities in the
tropical highlands (Bognetteau et al., 2007). Thaghlands are densely populated with
more than 100 inhabitants Kmn areas above 2500 m a.s.l. in East Africa ardti@l
America (Nyssen et al., 2009b). Local communitieedlly impact the forest cover for
their subsistence, through livestock herding, &rel wood harvesting (Boahene, 1998;
Wesche et al., 2000).

These tropical high altitude forests are not omfypartant as a natural resource,
providing wood and non-wood products, but also bseaof their ecosystem services
(Price, 2003). The high altitude forests functienaahygric buffer benefitting the water
balance of the mountain ecosystem and the agrrallémeas in the surrounding lowlands
(Miehe and Miehe, 1994; Aerts et,a2002; Nyssen et al2004). Removal of woody
vegetation leads to decreased infiltration withedir effects: decreased discharge of
downstream springs and increased soil erosion (izesnaeker et al., 2006; Nyssen et al.,
2004).

The upper limit of these tropical high altitudedsts forms one of the most apparent
vegetation boundaries worldwide. The treeline ewets formed by the transition from
closed montane forests to treeless alpine vegatatibich is marked by a steep gradient
of increasing stand fragmentation and stuntedn€8mér and Paulsen, 2004). Treelines
are responsive to climate change (Koérner and Paul®@04), a change that is most
prominent and rapid at high altitudes and latitufésltmeier and Broll, 2005; Harsch et
al.,, 2009). There are a growing number of studies atreetine dynamics in the tropics
(e.g. Bader, 2007; Sassen et al., 2013; Weschk, €088), but the response to climate
change in the tropics and in the southern hemigpherstill scarcely investigated
compared to treeline dynamics at higher northetituties (Holtmeier and Broll, 2007).
At these high northern latitudes an average vértiealine shift of 70 to 90 m occurred
during the last century (Danby and Hik, 2007; Kidimand Oberg, 2009).

Improved understanding about treeline dynamics @efdrestation patterns and their
driving processes in tropical highlands is vital $oistainable land management strategies
in these vulnerable high altitude areas and wilb hus to understand the effects of climate
change on these environments (Chapter 2).

In Ethiopia, deforestation started around 3000 @002*‘C years BP with increasing
land cultivation (Bard et al., 2000; Nyssen et 2004). By the early twentieth century,
large parts of North-Ethiopia were already defadstStatements about recent forest
cover changes are dependent on time span andretgidys (De Mielenaere et al., 2014).
Based upon repeat photography an increase of thetfoover was detected over the last
140 years (Meire et al., 2013; Nyssen et al., 2D00a the other hand, based on satellite
images and aerial photographs, Tekle and Hedlu@@0)2and Zeleke and Hurni (2001)
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found that there has been an important deforestagoiod between 1957 and 1995. On a
country scale, the annual deforestation rate imolpth was estimated to be 1% from 1990
to 2010; this corresponds to a yearly decreaserest cover by 1500 km2 (FAO, 2010),
despite the artificial increase of forest coverdogalyptus plantations and forest recovery
land management strategies (such as exclosure®) gia mid-1980s (De MuUelenaere et
al., 2014).

For the tropical highlands few in-depth studiessexhat look at both forest status
change and treeline dynamics (Holtmeier, 2009). ®dhgective of this paper is (i) a
detailed study of forest and treeline dynamics iln Amba Mt. of the North Ethiopian
highlands since the early twentieth century (ii)vierify whether there is an effect of
climate change on the treeline and (iii) to provate integrated methodology that suits
many tropical environments using a combinationeofiote sensing data sources.

5.2 Materials and methods

5.2.1 Study area

The study area consists of Lib Amba Mt. and surdimg mountains (39 km2, 12°8'N,
39°11’E, 3993 m) of the Abune Yosef Mt. range, parthe North Ethiopian highlands
(Figure 5.1).

The Ethiopian highlands result from the evolutidntiee East African Rift System.
Subhorizontal Paleozoic and Mesozoic sedimentasksroverlain by Tertiary volcanism,
were rapidly uplifted in the Miocene and Plio-Plecene (Bussert, 2010; Nyssen et al.,
2007). The high altitude soils are rich in orgamiatter and relatively acidic, the dominant
soil type are well developed Andosols (Wesche .e2800). The study area is situated on
the western shoulder of the Rift Valley, on the evadivide between the hydrological
basin of the East African Rift in the east and Te&eze Basin in the west (Figure 5.1). It
lies within the semi-arid to subhumid mountain &isn zone of the North Ethiopian
highlands (Nyssen et al., 2005) and rises abovereent treeline at approximately 3700
m. The climate is characterized by unreliable sealsoainfall, with annual rainfall
ranging between 800 and 2200 mm Ve&Chapter 7; Saavedra, 2009). Most of the
rainfall occurs during the summer rain season armighly erosive (Nyssen et al., 2005).

The afro-alpine high altitude forest is dominatgddpecies of th&ricaceaefamily
(Wesche et al., 2000). Hedberg (1951) introducedténm ‘the ericaceous belt’, which
forms the upper treeline ecotone in tropical momstan Africa (Wesche et al., 2000).
Hurni and Stahli (1982) identified four vegetatimits in the Simen Mts.: the Acacia
limit at ca. 2730 m, thélagenig JuniperusandOlea montane forest limit at ca. 3200 m,
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the Erica arboreatreeline limit at ca. 3715 m and the upper graspge vegetation limit
at ca. 4225 m. These successive vegetation beltalso found in Lib Amba Mt., but at
different vegetation growth limits, related to lbdaophysical constraints. The growth
limit of the high altitude forest of Lib Amba issal formed by the speci&sica arborea
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5.2.2 Data and pre-processing

The oldest available data source providing inforamtbout the spread of high altitude
forests in our study area (Figure 5.1A) is an hisib terrestrial photograph of Aboy
Gerey Mt. from 1917 made by Conte Fillipo M. Vistiag@ Italian Military Geographical
Institute, Firenze.

Beside this terrestrial photograph, historical klaod-white aerial photographs of
1965 and 1982 (scale approx. 1:50 000, scanne2i0& dpi) from the Ethiopian Mapping
Agency (EMA) were used. The aerial photograph d82l%as orthorectified by digital
image processing with ERDAS Imagfhéntergraph, Madison, USA). As input for the
georectification process, Global Navigation Satellbystem (GNSS) measured Ground
Control Points (GCPs) were used. In Table 5.1, abeuracy of the image orientation
process is shown in terms of Root Mean Square HRMSEy,, 3.59, 4.80, 5.73),
Absolute Mean Error (AME 2.51) and linear error at 90% probability (LESB.46).

Photogrammetric restitution was unsuccessful far #erial photograph of 1965,
because fast population growth and low technolagiding caused important landscape
changes since 1965. Therefore, the geometric ietdn was done by co-registration
with the orthophotograph of 1982. Image-to-imaggsteation enables identification of a
large number of corresponding points on both Igyiarghis case 6.5 points per km2. This
method yields reasonable results when considenragl @reas and using a high density of
control points (Hughes et al., 2006; James eall2).

Similarly, the most recent situation given by higgsolution Google Maps, Digital
Globe satellite imagery (2010) was image-to-imageregistered with the 1982
orthophotograph as reference.

The accuracy of the co-registrations is tested @ycdntrol points derived from the
1982 orthophotograph. The positional accuracy ianl y is given by the RMSE
computed from the difference with the 1982 refeecooordinates. The RM$Efor 1965
is 3.6 and 4.8 and for 2010 it is 3.5 and 4.2,athlxases this is not significant different
from that of the 1982 orthophotograph (Table 5.1).

5.2.3 Forest cover mapping

Repeat photography

Repeat photography is a very valuable tool fordiuely of the historical forest cover and
treeline elevation before 1950, because histopbaktographs contain information that is
not documented by systematic aerial photographeesing (starting from ca. 1950) and
satellite images (from ca. 1960s) (Roush et alQ720Many authors have used repeat
photography for the study of landscape changesnitavies are made by Meire et al.
(2013), Roush et al. (2007) and Frankl et al. (20iRthis study the approach of Meire et
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al. (2013) is used to warp the topographic foredtfuiom the terrestrial photograph on the
orthophotograph.

Table 5.1 Geometric accuracy of the image oriemtati photogrammetric restitution of
1982 aerial photograph (AP-1982) and image-to-imaggstration of 1965 aerial
photograph (AP-1965) and 2010 Google imagery (Gadaps 2010).

Photogrammetric restitution
Ground control point residuals (m)
N°of GCP RMSEX RMSEY RMSEZ MAE LE9G Software

AP -1982 14 3.585 4.799 5.7283 25047 3.4629 “LPS

Image-to-image registration (with the 1982 orthophotograph as reference)

N° of GCP RMSE X RMSEY Software
AP - 1965 150 3.559 4.818 ArcGIS
Google Maps - 2010 25 3.449 4.214 ArcGIS

'Root Mean Square Error

2 Mean Absolut Error, the mean of the absolute vafuhe prediction error

3 Linear Error 90%, error range which would incl@®s6 of the pixels within the DSM
* Leica Photogrammetry Suite

Forest classification

Satellite images contain spectral information, Wwhicsually allows to accurately map

forest cover changes. Historical black-and-whiteéahghotographs provide important

historical information, but they do not contain tmepectral information which makes

them difficult to use for land cover classificatsonTherefore, an adjusted methodology
was developed to study forest cover and treelingdycs from black and white aerial

photographs.

In a first step the non-forested area was maskeati@aerial photographs. This allowed
in-depth analysis of the dynamics within the foedsareas and reduced the redundant
non-forest information. Secondly, texture inforroatwas computed for the masked aerial
photographs (Erener and Duzgln, 2009). For the 39651982 aerial photographs, eight
texture bands were calculated in ENV(Exelis, McLean, USA) based on the co-
occurrence matrix of Haralick et al. (1973) (i.eanogeneity, contrast, dissimilarity,
mean, standard deviation, entropy, angular secamdant and correlation). These texture
statistics measure spatial frequency between tharmmces of two neighboring pixels.
To reduce redundancy within the texture bands,imcipite Component Analysis (PCA)
was applied to the raw texture images (Erener aiidgDn, 2009). The first five
components explained 95% of the variation and wkexefore, stacked with the original
aerial photograph as the basis for the forest ifilcestson process (Figure 5.2).
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In a third step a supervised Maximum Likelihoodsslfication with three classes
(forest, bush and grassland, cropland and rocks)exacuted in ENVI (Figure 5.2). This
method computes the statistical probability thatibxel belongs to one of the training
classes based on the mean vector and covariansictaand the pixel is assigned to the
class with the highest probability (Lillesand et &008). Additionally, the classification
was filtered with a 3x3-pixel majority filter, tar®oth the image and remove isolated
classified pixels (Lillesand et al., 2008).

Finally, the classified images are reclassifiedri®rging the non-forested classes into a
single class. The results of this reclassificapoocess are binary maps with the classes:
forest and non-forest. These binary maps allow ttadys forest dynamics by post
classification comparison (Bharti et al., 2012).

The classification of the Google Maps image wa® agecuted with a Maximum
Likelihood function in three classes. Similarlyetimage was smoothed and reclassified
in a binary forest/non-forest map.

- Forest

Bush and Grassland

(a) —E o (b) Cropland and Rock

Figure 5.2 Schematic representation of the clasdifin process: (a) Texture and PCA
analysis (b) Supervised Maximum Likelihood classifion

Treeline mapping

Treeline dynamics were studied in detail in a subf¢he study area, in which the upper
forest is well protected and reaches the highestatibn (Figure 5.1B). In this area and at
this elevation the treeline is potentially limitby climate change.

The physiognomic treeline boundary corresponds \lig 30% tree-cover isoline
(Rees et al., 2002; Van Bogaert et al., 2011). dteat this 30% isoline a moving window
of 3 x 3 m (small enough to capture sufficient det@as used to map the percentage of
tree cover in the study area. From this tree-conap, the 30% tree-cover isoline was
extracted. Subsequently, the irregularity of tleeline curve is smoothed in ArcGIS with
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the simplify line function (10 m tolerance). Thimaothed curve is referred to as the
envelope-treeline, because of the similarity wite geometrical envelope principle.

Application of this technique for the three layall®ws detecting treeline change in the
study area. Quantification of the changes is mamksiple by segmenting the envelope
treeline in 10 m segments. The elevation of thegenents are statistically compared with
a two-sample t significance test and the differeceomputed with a two-sample t
confidence interval statistic (Moore et al., 2008)slope effect can be expected, since
steep slopes are less accessible for anthropo-zmog#luences in contrast to gentle
slopes. Evidence of such a relationship betweeaordstfation and slope angle is given by
the research of Trejo and Dirzo (2000). Therefbeedame statistical tests are repeated for
the segments divided into three categories slopesl®°®, between 15°- 45° and >45°
(Trejo and Dirzo, 2000).

5.3 Results

5.3.1 Classification accuracy

Accuracy assessment of the forest classificatiopsweas done by using a random point
sample design with a minimum of 50 samples for ed&ss (Congalton and Green, 2009).
The randomly generated points were overlain wite forest maps in ArcGIS and
compared with the ground truth as visible on the&ioal aerial photographs. The
subtracted point values were used to assess thaaagcof the classification using a
confusion (error) matrix (Congalton and Green, 200%e overall accuracy of the 1965,
1982 and 2010 classifications is respectively 98%%0 and 84%, all are very close or
above the 85% threshold value (Congalton and Gr2@d9). The Kappa value reflects
the difference between actual agreement and agreeerpected by chance, this value is
high for the three classifications, respectively9).0.70 and 0.67. The classifications are
thus reliable and in substantial agreement withgtteeind truth (Landis and Koch, 1977)
(Table 5.2). The lower accuracy of the 2010 bimagp is caused by the lower amount of
trees per hectare in the 2010 forests, which aree ndifficult to classify. Overall,
classification errors are partly caused by ovessifecation of shaded slopes in
comparison to non-shaded slopes. But, the exposit® similar for both aerial
photographs; both are made during the dry seastintia@ sun in the south (25/01/1965;
20/02/1982).
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Table 5.2 Accuracy assessment of the 1965-1982-Z0i€st classifications based on
confusion matrix derived measurers and Kappa values

Classified Omission Overall Kappa
forest Non-forest Total Errors accuracy
1965 (AP)
Ground truth Forest 113 5 118 0.04 0.90 0.79
Non-forest 14 63 77 0.18
Total 127 68 195
Commission Errors  0.12 0.07
1982 (AP)
Ground truth Forest 99 1 100 0.01 0.85 0.70
Non-forest 28 67 95 0.29
Total 127 68 195
Commission Errors  0.28 0.01
2010 (SI)
Ground truth Forest 69 18 87 0.21 0.84 0.67
Non-forest 13 95 108 0.12
Total 82 113 195
Commission Errors  0.15 0.17

5.3.2 Forest cover dynamics

The early 20" century

Although we have only one historical terrestrialofgraph for the study area, this

photograph has proven important since it allowsh@ue comparison of the land cover

over a period of almost 100 year (Figure 5.3). Tdmeat photograph of 2013, shows that
there has been an important land occupation ofrthentain slope since 1917, which is

accompanied by an agricultural expansion upwarés miountain. Indicators of these

changes are new settlements on the previously it@thimountain slopes and cultivation

terraces that reshaped the mountain flanks (Figt)e The human occupation of the

mountain slope has clearly affected the forestsdthe places the forest is replaced by
cropland and overall there has been a severe decdathe density of the remaining

forest (Figure 5.3). Measurement of the canopy cavegh a GRS densitometer, indicated

that the canopy cover has reduced to only 15% dov2013.
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Moreover, the warped terrestrial photograph onhtwezontal plane, made it possible
to study forest cover changes in detail between71&id 2010 for the slope of Aboy
Gerey Mt. (Figure 5.4). Forest cover change mapgate that there are two periods of
deforestation. The first deforestation period tgd&ce between 1917 and 1965 and the
second more severe deforestation period occurrieeeba 1982 and 2010. While between
1965 and 1982, afforestation and deforestation vierbalance and the forest cover
remained unchanged.

19177 S 2013

3565m

Figure 5.3 Repeat photograph of Aboy Gerey Moun{@b65 m a.s.l.); (left) historical
terrestrial photograph of Conte Fillipo M. Viscomn an Italian trade mission
from Leggu (Woldia) to Tembien © Italian Military gdgraphical Institute,
Firenze; (right) repetition in 2013.
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Figure 5.4 Forest cover changes on the westere silbpboy Gerey Mountain in the period
1917-2010.
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Between 1965 and 2010

Forest cover changes are shown by post classdicabmparison of the three forest cover
maps (1965, 1982 and 2010) (Figure 5.6). On thexgdanaps, a stable forest cover is
observed in the first period between 1965 and 1¥3%ing this period, half of the
forested area remained unchanged (52%), while 24% deforested and also 24% was
afforested (Figure 5.5). Deforestation mainly oscat the edges of the forests, whereas
there is an increase of the forest cover withinftiiest patches (Figure 5.5). In the second
period between 1982 and 2010 the deforestationisatauch higher, overall 54% of the
forest cover is removed. During this period 63%tlo¢ previously forested area is
deforested, 28% remained forested and only 9% fresfted (Figure 5.5). The forest
expanded only in small patches. Whereas, outsidsetlpatches the forest disappeared
almost completely (Figure 5.5).

1965 - 1982 1982-2010

899% W Deforestation

Continuous forest
5,8% m Afforestation

2,6% Non-forest

Figure 5.5 Percentage of forest cover change bet(#el965-1982 and (b) 1982-2010.
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Treeline change

Mapping the envelope-treelines (1965-1928 and 2@b@ws that there is an upwards
trend of the treeline along the mountain slopehia west of the study area, while the
treeline is comparatively stable at the steepagesdn the east (Figure 5.7). Comparison
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of the average treeline elevation with a t-testMeen 1965 and 1982 indicates that there
is no significant increase of the treeline. Betwd®82 and 2010 there is a significant
increase of the treeline between 6 and 13 ventiegker (Table 5.3). Over the full period
1965-2010 the treeline significantly increased leetw 7 and 15 vertical meter (Table
5.3).

To control whether there is an effect of the slgpadient, the t-test calculations were
also performed for the three slope categories. & Isea significant increase of the treeline
elevation in the three slope categories, but tigigline shift is much higher for the gentle
slopes in the western part of the study area (Tale

39°22'15"E 39°22"10"E 39°22'20"E
1 1

12°5'N
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12°4'45"N

12°4'40'N
L

12°4'30"N

Treeline 2010
Treeline 1982
Treeline 1965

Ephemeral stream

Contour (i. Sm)

o/ 50 A00

Figure 5.7 Treeline detection (a) 30% isoline aby detailed map of the derived treelines
within the red subset: 1965, 1982, and 2010.
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Table 5.3 A t-test comparison of treeline elevatibetween 1965-1982 and 2010 in order to
identify potential treeline changes and slope ¢ftec

Treeline segments (10m)  Treeline segments (N) * Q1 Median Q3
1965 276 3651 3680 3703
1982 286 3656 3684 3700
2010 201 3681 3692 3700
Treeline Change P-value 95% €I
1965-1982 >0.05
1982-2010 <0.05 6-13 m
1965-2010 <0.05 7-15m
Slope categories Treeline segments (N) Q1 Median Q3
All years <12° 74 3647 3659 3702
12 < 45° 602 3662 3687 3701
> 45° 87 3682 3692 3699
Treeline Change (slope effect) P-value 95% ClI
1965-2010 <12° <0.05 9-25m
12 < 45° <0.05 4-14 m
> 45° <0.05 4-19m

'First quartile (Q1) and third quartile (Q3)
“Confidence Interval

Explaining the spatial pattern of forest cover chage

Elevation and or slope gradient could be expeatepartly explain the spatial pattern of
forest cover change. Since, wood harvesting is mkety to occur at lower elevations
and gentle slopes, which are more accessible ang nmberesting for agriculture.
However, a chi-square test with Cramer’s V Coeéintifor large sample sizes, between
the forest cover change maps (1965-1982 and 198Q@}2énd respectively the digital
terrain model and the derived slope gradient, sheny low associations with forest cover
change. For the period 1965-1982 the Cramer’s Wicant is respectively 0.14 and 0.07
and for the period 1982-2010 this is 0.14 for baldvation and slope gradient.

Another potential explanation of forest cover clarfigr the study area is increasing
anthropo-zoogenic pressure. The changing anthropogpressure was studied by
digitizing the settlements from the successive dayars (1965-1982-2010). From this,
the population density was derived by multiplicatiof the settlements with the average
household members (i.e. 3.6 £ 1.7; Stock et all120The population pressure is more
than doubled between 1965 and 2010 from 68 to ab&hitants per ki This increase
occurred mainly between 1982 and 2010 (from 7758 ihhabitants per ki#) (Figure
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5.8). This increasing population pressure in comam with protection of the upper afro-
alpine forest is potentially responsible for thes@tved deforestation trend.

2006 2013

Figure 5.8 Repeat photograph of the expanding toiwWendaj (12°06°'25”N, 39°20’18"E,
3478 m) at ca. 5 km (bird’s eye view) to the wektLido Amba Mt.; (A) on
26/10/2006 © CANN Panoramio; (B) on 13/07/2013.

5.4 Discussion

Long-term land cover changes are widely studieth Wandsat images (Ouedraogo et al.,
2010), but their 30 m resolution does not allowedBhg small-scale changes. The
proposed methodology for the detection of forestecachange and treeline dynamics
allows detailed analysis of long term forest amtline changes, from aerial photographs
and recent satellite images. However, shading easec over-classification of forest in
comparison to non-shaded areas on the black ande wderial photographs. The
classification could be further improved by elinting the illumination effect, using a
pixel based topographic correction derived fromB&M of the study area (Vanonckelen
et al., 2013).

The use of aerial photographs to map forest covso &troduces a small over-
classification error, because trees and cldseda scrubs cannot be distinguished from
each other.

Application of the methodology is constrained bg florest mask that is used in the
first step of the classification process to remtwe non-forested area. This forest mask
needs to be delimited by hand, which reduces thee & the potential mapping area. The
method is thus not an alternative for region wided cover mapping, such as done by
Brink and Eva (2009) for Africa. But the methodsistable for detailed forest cover and
treeline dynamic studies.
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In this specific study, the available informaticor the period before 1965 is limited,
since there is only one historical terrestrial pigoaph of the study area. Nevertheless,
warping this terrestrial photograph on the horiabplane enabled mapping forest cover
changes from the early ®@entury. A large amount of historical terrestpabtographs is
needed to improve understanding about forest cclvange and treeline dynamics before
1950 in the tropical highlands of Africa. Such brgtal landscape photographs are
available in major archives and a growing numberlzatraced on the internet (Nyssen et
al.,, 2014). Environmental studies in Africa are reasingly using these historical
photographs (e.g. Kull, 2005; Osmaston, 1998; Wies9010).

Repetition of the old terrestrial photograph andtpdassification comparison of the
historical aerial photographs and recent sateiirtagery, indicate that the forest cover
severely decreased during the twentieth centuryis Til in agreement with the
deforestation trend reported by the global foresburce assessment by the FAO (2010).
Forest clearance is indicated to be much more pmced in the twentieth century
(Gebrehiwot et al., 2013). The second deforestagtiwase in Lib Amba Mt., after 1982,
was also the most severe for the study area. dasnt deforestation trend impedes
important ecosystem services of the high altitudeedts in this vulnerable highland
region.

A potential driver of this deforestation is incredshuman pressure. Between 1965 and
1982 the population growth was small and afforestednd deforestation were in balance.
Whereas, population pressure strongly increasemldest 1982 and 2010 (from 77 to 153
inhabitants per ki®). This corresponds with a period of severe datate®n in the study
area. At present population density is very higthim study area with 153 inhabitants per
km2. This is higher than the average population dgrefi 135 inhabitants kiffor the
Ethiopian highlands (Nyssen et al., 2009b). In &tfa, 85% of the population and 75%
of the livestock lives in the highlands (above 1500 which account for only 43% of the
Ethiopian territory (Amsalu and de Graaff, 2006;démariam, 1988).

Due to this growing anthropogenic pressure in coiatiion with protection of the afro-
alpine forest, the afromontane forest cover seyaeduced between 1982 and 2010. At
present the afromontane forest remains only inva gatches. This indicates that land
management decisions have an important impact.aBat the drought and famine of
1983-1985 could be responsible for this severe gdnam the forest cover, because forests
provide resources in times of emergency (Babukd.e2008).

This research has also indicated that the treelienation significantly increased by 7-
15 vertical meters (95% CIl) between 1965 and 2@u@. a positional error of £ 5
horizontal meters must be taken into account, whainesponds for the average slope of
25° with 2.11 vertical meters. The observed treebhift is thus clearly less than in the
Sub-Arctic (70-90 m in the last century; (KullmamndaOberg, 2009) or in the Swiss Alps
(average rise of 37.9 m between 1985 and 1997; r{G-€lasel et al., 2007). This
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difference in treeline rise is potentially causgulite high land pressure in the study area,
while it is much lower in the more northern regions

The high land pressure in the study area is ihistt by the forest cover change
history, which raises the question whether treetinenge is the result of climate change
or land management changes? The land managementhbgs would be in agreement
with Chapter 2. This study indicates that treelihage not risen to higher altitudes in the
tropical African highlands due to high anthropo-geoic pressure, which caused
stabilization and even recession of the treeliredewvb their natural climatic limit. Strong
disturbance of the treeline by human interferescalso found for the Andes mountains
by (Young and Ledn, 2007). Even though, the stedpcused on a relatively small scale
study area, the detailed research findings areatéduin supporting the general trends
found in these large scale studies of the troghagilands.

The focus area for the study of treeline dynansashiosen in a protected area, which in
the case of long term protection would mean that dbserved treeline shift must be
climate change driven. But the forest has only h@ertected for 10 years and the highest
treeline shift occurred on the gentle slopes invlestern part of the study area in which
the treeline was suppressed to a lower elevatiors thus likely that treeline shift is
mainly caused by changing land management rules. sttong impact of the growing
population might therefore outweigh the potentifié&s of increasing temperatures on
the treeline in the study area.

5.5 Conclusion

This study revealed that there were two periodsiefbrestation on the slopes of Lib

Amba Mt. between 1917 and 2010. A first phase dbmstation in the period 1917-1965

and a second more severe deforestation phasdahads30 years ago. Between 1982 and
2010, 63% of the remaining forest cover was remolirethe same period, the afro-alpine

forests were protected and the population pressgreased from 77 to 153 inhabitants

per km2 and. The currently forested areas are limitedelimeated patches, most probably
associated with protective measures. This studiganes that there has been a significant
but small increase of the elevation of the treeliméween 1965 and 2010, which lies

between 7 and 15 vertical meters. This increadbetreeline elevation is higher on the

gentle slopes. Due to the high anthropo-zoogergsgure in the study area, the potential
effect of climate change on the treeline remainslaar. There is a need for additional

research about the potential effects of this dstat®n trend. Destabilization of the key

ecosystem services of the high altitude foresth@ae a major impact on the livelihood of

the local communities in this vulnerable mountaimieonment.
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Chapter 6 Land cover dynamics in the Simen
Mountains (Ethiopia), half a century after
establishment of the National Park
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Abstract
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The Simen Mountains are home to several endangar@egndemic wildlife
species and provide important ecosystem servicas.dBspite its regional
environmental importance, the Simen Mountains Haaen listed as World
Heritage in Danger since 1997. This raised the rfeecan evaluation of
landscape changes in the Simen Mountains. Landsdapeges are studied
from before the establishment of the Simen Moustaiational Park
(SMNP) in 1969 using historical terrestrial photmgjns (1966-2009). Repeat
photographs from 2014 were analyzed using an expdérig system with
eight correspondents. An increase of forest is mieskearound Sankaber and
Imet Gogo (20-40%). But around Gich, the area cesvewith dense forest
decreased with a rate of -1.41% per decade. Tlserm isignificant effect
(p>0.05) of the boundary of the SMNP on woody vatieh change, because
of continued anthropo-zoogenic pressure insideStkié&P. Neither do other
bio-physical (elevation) or social factors (distano scout camps) affect
rates of change. However, the density of housdsmwi.2 km, as a proxy of
population pressure, is able to explain 32% of $patial distribution of
decrease in woody vegetation changes (p<0.05). setuof six repeated
photographs, indicate an uplift of the treeline ragre than 1 m yedr in
areas with low anthropo-zoogenic pressure. Thpotentially related with a
temperature warming of up to 1.5°C over the pasyésrs. Overall, further
reduction of anthropo-zoogenic pressure is a keyofafor recovery of the
afro-alpine vegetation and the interrelated endeethevildlife in the Simen
Mountains.

Keywords: Vegetation change, Treeline dynamics, hhsgio-zoogenic
pressure, Repeat photography
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6.1 Introduction

Since the introduction of agriculture, land use imerfered with the natural process of
land cover changes (Goudie, 2006; Houghton, 19present, LUC dynamics form one
of the key research imperatives in the global ckafrgmework (Geist and Lambin,
2001). African tropical mountain areas generallyena greater vulnerability to LUC
changes due to the high population density andptlksence of steep slopes (Lambin,
1997). LUC change studies in the North Ethiopiaghlands indicated that the highland
vegetation significantly changed during the secbald of the 28' century (Bewket 2002;
De Mdelenaere et al. 2014; Tegene 2002; Tekle aadludd 2000; Zeleke and Hurni
2001). Most of these studies focus on LUC changethe sub-alpine highlands and
indicate a trend of deforestation in favor of awdtion land. However, little is known
about vegetation changes in the upper afro-alpame and about changes in the treeline at
this elevation. Wondie et al. (2011) studied langter changes in the Simen highlands
from Landsat images of 1984 and 2003 and indicatethcrease of thErica forest and a
decrease of the agricultural land. Wondie et @1(3 also stress the need for more land
cover change studies, going back to the originhef Mational Park in 1969. Improved
insight in the high altitude afro-alpine vegetatian important given the ecosystem
services provided by the afro-alpine vegetationr{@et al., 2002; Miehe and Miehe,
1994). The afro-alpine vegetation of the Ethiogigghlands provides a habitat for several
endangered endemic species such as the famougesrely endangered Ethiopian wolf
(Canis simens)sand Walia ibexCapra walig (Marino, 2003). Moreover, the afro-alpine
vegetation and especially the high altitude forests also important as a hygric buffer,
enhancing ground water availability in the mountand the surrounding lowlands
(Markart et al., 2007; Miehe and Miehe, 1994). Bseaof the potential impact of climate
change on the important ecosystem services of frealpine vegetation, a better
understanding of vegetation dynamics in the Afritapical highlands is needed. Repeat
photography is proven to be a valuable tool to \stsuch long term landscape changes
(Webb et al., 2010). Historical photographs contstailed landscape information, which
is not documented by systematic aerial photograiy satellite imagery (Roush et al.,
2007). Repeat photography has been used in a witgerof applications (Webb et al.,
2010); documenting gully head retreat rates (e.canlt et al. 2012), long-term
environmental changes (e.g. Nyssen et al. 2014ggtation changes (e.g. Pickard 2002),
glacier fluctuations (e.g. Roush et al. 2007) atehtpphenology (e.g. Crimmins and
Crimmins 2008).

In addition, vegetation cover changes in the SiiMenntains are also important in the
context of climate change. Average temperature® liesen worldwide during the past
century, a change that is most prominent and rapldgh altitudes and latitudes (Harsch
et al., 2009). The temperature sensitive uppeica arborea forest in the Simen
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Mountains is potentially responsive to climate wiggn(Holtmeier and Broll, 2005).
Consequently, this vegetation belt can be studiedchieve understanding of potential
dynamics (Holtmeier and Broll, 2007). The hightallie forest limit is one of the most
apparent vegetation boundaries worldwide. The iiansfrom closed montane forests to
treeless afro-alpine vegetation forms a steep gnadf increasing stand fragmentation
and stuntedness, which is called a treeline ecof{&@ener and Paulsen, 2004). The
response of the treeline ecotone to present climbht:mge in the tropics and in the
southern hemisphere is scarcely investigated caatipaly to treeline dynamics at higher
northern latitudes (Holtmeier and Broll, 2007).Ghapter 2 it was indicated that treeline
dynamics in the African tropical highlands are,general, limited below their climatic
limit due to high anthropo-zoogenic influences; many uncertainties remain. The aim
of this study is to detect both land cover chargyeb treeline dynamics in the afro-alpine
belt of the Simen Mountains using repeat photogdfB866-2014) and to understand the
drivers of these changes.

6.2 Materials and methods

6.2.1 Study area

The Simen massif (13°14’N, 38°21E) is home to thghest peak of Ethiopia, the Ras
Dejen Mt (4540 m) (Figure 6.1). The massif is amant of a major Oligo-Miocene shield
volcano, deeply eroded by the Tekeze River anttiltstaries (Kieffer et al., 2004). At
present, the Tekeze and its tributaries form apwanich practically encircles the massif.
The high Simen Mountains form the most northernitliaf glaciation in East Africa
during the LGM (Hendrickx et al., 2015; Hurni, 198The mountain climate of the
Simen contrasts with the semi-arid surroundingds Itharacterized by frequent frost,
occasional snow at high elevations and frequenstbamns (Hurni, 1988; Sebald, 1968).
Mean daily temperature ranges between minimum 1&3€ maximum 14.6°C (Hurni
and Stahli, 1982). The diurnal temperature gradeehtgh with a mean daily temperature
variation of 9.0°C (Hurni and Stéhli, 1982). Raihfa the Simen Mts. follows a unimodal
rainfall pattern with high mean annual rainfall, 155mm at Gich camp (Hurni and Stahli,
1982). The rainfall decreases from north to soatkhe Simen Mts., associated with the
1000 m high escarpment. With elevation, there warerainfall maxima, the first at 1500
m and the second at 3500 m (Hurni and Stahli, 1982he end of the raining season, in
the period September-October, clear mornings acuéntly followed by a strong build-
up of fog and cause heavy rain and hailstormsgattrfHurni and Stéhli, 1982). Snow can
be observed in the northern hemisphere winter, ghoit is then the dry season
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(December-January). Hurni (1988) characterized dimate into two categories, the
upper (above 3500 m a.s.l.) and the lower (150@380a.s.l.) climate types. The upper
mountain climate is characterized by northerly wiradl around the year, an increase in
cloudiness with altitude, an annual rainfall maximunear the timberline (on average
1500 mm) and frequent hailstorms which are highbsize (Hurni and Stahli, 1982). A
steep gradient separates the mountain climate digrand hot conditions at the foot zone
of the mountain.
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Figure 6.1 Location of the study area with indicatof the approximate cluster boundaries;
the boundary of the lowlands is formed by the remthescarpment. In the south
the boundary is less sharp.

The Simen Mountains National Park (SMNP) form aspot in biodiversity, due to
their altitudinal and climatic diversity, and arnstéd as World Heritage since 1978
(Debonnet et al., 2006). The vegetation in the Siés. can be divided in three distinct
belts. Between 2000 m and up to 3500 m NE and 33@&E the evergreen afromontane
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forest prevails. This belt is rich in species widinge trees such drunus africanaand
Hagenia abyssinicat the wetter northern slopes and dominate@laa europaeaubsp.
cuspidateat the drier south-southeast facing slo@esiperus proceras less common in
the Simen Mts (Friis and Ryding, 2001). The ericacebelt between 2900 and 3700 m
includes the tree heathErica arboreajoined byHypericum revolutumas well afNuxia
congestain the lower elevations (Klo6tzli, 1958; Nievergelt al., 1998). The afro-alpine
zone contains afro-alpine grasslands dotted wiintdiobelias I(obelia rhynchopetaluin
and different types of short- and long-grass stepfieestuca macrophylla, Carex
erythrorhizg and mires (Hurni and Stahli, 1982). The Simen Mains are home to
several threatened and endemic species. Therearethan 20 large mammal species in
the Simen Mountains, of which two endangered enddiagship species: the Walia ibex
(Capra walig and the Ethiopian woliGanis simens)s(Debonnet et al., 2006). There are
also more than 130 bird species of which 16 endeMany species are endangered due
to habitat fragmentation and destruction causechioypan impact (Alemayehu et al.,
2011; Yihune et al., 2009).

The SMNP was created in 1969, a period when 80%hefpark was subjected to
human use through livestock grazing, cultivatiod anman settlements (Debonnet et al.,
2006). Population growth forced people to settld aultivate higher and steeper areas,
even marginal lands up to 3800 m a.s.l. are usediltization land (Keiner, 2000). The
stocking density in the SMNP is also high (up toT&%J)/ km? in Gich) which affects the
afro-alpine grasslands at higher elevations throlugme-range herding (Keiner, 2000).
The number of tourists in the SMNP has grown wliak strengthen conservation, but at
the same time there is a significant risk that pooegulated tourism development will
become problematic for the SMNP environment (EWE@1.5).

In 1978 the park was listed as World Heritage amdl997 due to the continued
population pressure and decline of the flagshicisgeas World Heritage in danger. In
2009 the United Nations Educational, Scientific &wltural Organization (UNESCO)
and International Union for Conservation of Nat(iidCN) initiated a joint mission to
assess the state of the SMNP and to guide thetpaseds a state that would justify its
removal from the World Heritages in danger (Debaomteal., 2006).

6.2.2 Repeat photography

For this study, 98 historical photographs of the& Mountains were collected dating
back between the 1960s and 2009 (Table 6.1). Theoghaphs were originally taken by
Bernhard Nievergelt, Larry Workman, Hans Hurni adah Nyssen during various
expeditions in the Simen Mountains. The photograpése selected because they give a
unique representation of historical vegetation carethe slopes of the Simen Mountains.
With the aim of comparing the past vegetation cowh the current situation, the
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photographs were repeated in November 2014. Thepaiat of the photographs was
relocated using the photo metadata and througtsqgezning of the landscape in Google
Earth. The exact camera position requires pre@pesitioning of the camera and the
photocomposition (Hall, 2001). To achieve this, maad distant objects were mentally
lined up in the field in a triangulation system @¥gn et al., 2009b). Several photographs
were taken along two perpendicular axes crossitigeatelocated camera position and the
best fit was selected on-screen (Frankl et al.1p0To reduce geometrical errors, the
skyline and topography from the historical phot@ipawas used as reference to slightly
rotate, rescale and crop the repeated photogr&phask et al., 2011).

Table 6.1 Historical photographs used in analysis (n=98)

Year Authors Photographs
1966-1968 Bernhard Nievergelt (Nievergelt et 898) 6
1971-1978 Bernhard Nievergelt (Nievergelt et 898) 5
Larry Workman (private collection) 13
Hans Hurni (Centre for Development and Environmbiniiversity of Bern) 10
1980-1983 Bernhard Nievergelt (Nievergelt et 898) 5
Hans Hurni (Centre for Development and Environmbiniversity of Bern) 19
1993-1999 Bernhard Nievergelt (Nievergelt et 898) 9
Hans Hurni (Centre for Development and Environmemiversity of Bern) 25
2009 Jan Nyssen (Department of Geography, Ghenvelsity) 6

6.2.3 Expert ratings and vegetation change

Land cover changes between the photo-couples watgzeed by eight scientists with a
longstanding research experience in vegetation rdiggin the Ethiopian highlands or
elsewhere. To avoid bias, uninterpretable areastdu®reground errors, shadows or
obstructions were masked on the photographs. Intiaald photographs representing
different major topographic entities were splitseparate photographs for evaluation. The
98 historical photographs represent 59 differemtpltiocations, because some landscapes
have been repeatedly photographed at different shees.

The expert evaluation was performed on these 5%oplozations subdivided in 81
photo-pair interpretations. The experts estimatkd tand cover distribution as a
percentage of the complete scenery (Figure 6.25%8ly et al. 2014b). Based on field
experience, nine major land cover classes wererdeted:
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Areas covered by forest. Subdivided between (indpeest if the wooded area
has less than 50 percent canopy cover and (ii)edfemest if the canopy cover is
greater than 50 percent.

Shrubland: areas dominated by shrubs, generallyiggoclosely to the ground
(e.g.Solanum sessilistellatum, Rosa abyssinica

Grasslands: areas covered by grass species su€lardlonia, Festuceor
Koeleria A subdivision between short grass steppe (if @0eéh high) and
Long-grass steppe (if 40-80 cm) (Nievergelt etE#98) proved difficult for the
interpretation.

Lobelia: areas covered lhybelia rhynchopetalum

Cultivation lands: areas under crops and fallovalan

Rock outcrop: non-vegetated areas dominated byapg rock.

Settlements and infrastructure: areas dominatethéyresence of people (i.e.
roads, campsites, houses).

2014

Figure 6.2 A repetition of the 1973 photograph layriy Workman looking towards Sankaber
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camp. The truncated mean for the land cover classeptages of the 1973
photograph are 7% open forest, 4% shrubland, 728sstand and 17% rock
outcrop. While, for the 2014 photograph these laader percentages are 19%
open forest, 19% shrubland, 51% grassland and 1l&ek woutcrop. The

photograph is masked to differentiate between diffemajor topographic entities.
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The procedure of Nyssen et al. (2014b) was addptedrrect the landscape evaluation
for outliers. This implies that for every photo-pde the two interpretations with the
largest deviation were excluded from the calcuratd the average photo interpretation,
i.e. the truncated mean. From the remaining inetgpions, the average land cover change
was calculated for each class. In order to comifese rates between the photo-couples,
the annual rate of change was derived by dividimggdifference in area occupied by each
land cover class by the number of years betweephb®graphs. From this annual rate of
change, the decadal change was derived throughpfiadtion with 10 in line with
Masubelele et al. (2015). For further analysisititevidual observations were clustered
by altitudinal belts and sites: i.e. the SankaBevahit, Gich, Imet Gogo mountain areas
and the lowland (2000 - 3000 m a.s.l.) areas. Theseclusters are used to describe and
compare land cover dynamics in the Simen mountains.

6.2.4 Woody vegetation

The land cover classes shrubland, open and densst fwmere summed to derive a value
for changes of the woody vegetation in the Simeruiains. To understand temporal
changes in woody vegetation, the observations wefided in two periods 1966-1978
and 1980-2009 in comparison to the current sitnaf@®14). The changes are mapped for
an area of 2.2 km around the observation (centéneopictured landscape) using Inverse
Distance Weighting (IDW) interpolation with smodfinction (ArcGIS). This distance
corresponds with the daily travel range of herdByssen et al., 2009a). The 1000 m high
escarpment forms a structural boundary in the leaqks and is therefore set as a hard
boundary limiting the interpolated influence zori¢h® observations.

In order to explain the observed spatial patterrwobdy vegetation changes in the
Simen Mountains, four potential explanatory factoneere measured for every
observation: (i) inside or outside the National KPdroundary, (ii) elevation, (iii)
population density and (iv) distance to the neasestit camp. The population density is
derived from the density of houses within 2.2 kmtleé observation point, taking into
account the escarpment as a topographic boundaopeAvay ANOVA test was used to
test whether there is a significant difference lestw the areas outside and inside the
National Park and a multiple linear regression waed to estimate the effect of
population density, distance to scout camp andadéil@v on woody vegetation change.

6.2.5 Treeline repeats

TheErica treeline is visible for four different mountairopkes on nine photo-pairs. These
photographs are valuable since they provide lomm tdetailed evidence on treeline
dynamics. The procedure of Van Bogaert et al. (20ds used to study such dynamics.
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In this procedure, the physiognomic treeline bouypda set to 30% tree-cover and
prominent landmarks at the vicinity of the histatitreeline are used as a proxy for the
historical treeline elevation. Therefore, the 308teft cover boundary is delimited with
an isoline on the photograph and Global Naviga8atellite System (GNSS) points were
collected from landmarks and from the current tneeklevation. Subsequently, treeline
dynamics were derived from the difference in elevabetween the landmark and the
current treeline. In order to compare treelinetdigtween the photo-pairs (with different
time-spans), the annual shift rate was calculas=sdiraing a linear advance in time. A
similar approach was used to study differencelenupper tree limit for 6 photo locations
(11 photo-pairs), using elevations of the uppeividdals derived from Google Earth.

6.3 Results

6.3.1 Vegetation cover change

In the highlands, grassland is the most importantlIcover class with between 33 and
67% of the total vegetation cover. This class @yéver, decreasing around Sankaber (-
4%) and Imet Gogo (-9%), where grassland is remamefdvor of woody vegetation.
Beside grassland, also rock outcrop is decreasingnost sites. On the other hand,
cropland increased in the lowlands (+1%) and atsthé highlands in Gich (+2%) and
around Bwahit (+2%) area (Figure 6.3).
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N:5 Bwahit area m dense forest
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Figure 6.3 Average land cover percentage for the pad current landscape in the Simen
Mountains as derived from repeat photographs fpBgeahit area, (b) Imet Gogo
area, (c) Gich area, (d) Sankaber area and (e)othkand areas north of the
escarpment. With N: the number of photo locatigkR; the altitudinal range of
the pictured landscapes, and P: the period of limographs (the median year is
used in front of the historical cumulative histagja

Decadal changes (Figure 6.4) indicate an incretdeealense forest in all areas except

in Gich. In Gich the dense forest decreased withta of -1.41% of the total area per
decade and also the area covered by grasslanésnsaging, while cropland is the most
important growing class (+0.98% per decade). AroBnahit there is also a considerable
increase of the area covered by cropland (+0.52%cdpeade). Although dense forest
increased around Bwahit, open forest and bushlantedsed here. The cropland area also
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increased in the lowlands (+0.24% per decade). Wewdhe most important increasing
class in the lowlands is dense forest with +1.3&0decade at the expense of open forest,
grassland and rock outcrop. Vegetation cover sriyilencreased around Sankaber and
Imet Gogo; in both areas grassland decreased wr falvdense and open forest. The
increase of dense forest is especially high in I@ego (+1.40 % per decade).
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Figure 6.4 Decadal land cover changes in the SiMenntains as derived from repeat
photographs for (a) Bwahit area, (b) Imet Gogo afenLowland areas north of
the escarpment, (d) Gich area and (e) Sankaber area

6.3.2 Woody vegetation change

The average woody vegetation change is negativ@%)loutside the SMNP and positive
(1.4%) inside the SMNP, but an ANOVA test showd thés difference is not significant
for all time periods (p>0.05) (Figure 6.5A). Theundary of the National Park is not
significantly explanatory for changes to woody veagjen in the Simen Mountains. This
absence of impact of the National Park is alsobigsbn the woody vegetation cover
change map for the period after 1980. Changesamibody vegetation after 1980 are
limited throughout the study area, the majorityobservations showing a small increase.
The observed changes since the period before 1@8@nare diverse. Around Gich the
woody vegetation clearly decreased (-30 to -10%ijlenaround Sankaber and Imet Gogo
there is a remarkable increase of the woody veagetgP0-40%). In Figure 6.6, such
increase in woody vegetation at the Jinbar vallegrt( of the Imet Gogo cluster) is
illustrated by a sequence of repeated photograpbet the full period, woody vegetation
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slightly increased in the major part of the studgaa except for decreasing woody
vegetation areas around Gich, Argin and in the K®ama lowlands, and strongly
increasing woody vegetation around Sankaber antd®ago (Figure 6.7).
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Figure 6.5 Decadal woody vegetation change oveful@eriod (1966-2009) (a) inside and
outside the National Park, and (b) in relation k2 tdensity of houses per
photographed scene as proxy for population pressure

|
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Figure 6.6 Repeat photographs of 1966-1994 and Rid&trating vegetation cover change in
the upper Jinbar valley (part of the Imet Gogo s Interpretations have to take
into account that there has been a forest firehia valley in the early 1970s
(Hurni, personal communication; Nievergelt et aR98). Notice also the
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preferential growth oErica on the small ridges in 1978 (see arrows on the3197
photograph), what corresponds with the findinghepter 4 and the improved
stability of the middle gully at present. 1966, 19and 1994 photographs by
Bernhard Nievergelt, 1973 photograph by Larry Woakimand 1978 and 1993
photographs by Hans Hurni.

38°10E
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+  Houses
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] NP boundary
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® -40--30

@ -29--20
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@ 11-20
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® 31-40

-30--20
-20--10
-10-0
0-10
10-20
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Background map: Simen Mountains World Heritage Site
@ Centre for Development and Environment, Bern University (2010)

Figure 6.7 Woody Vegetation (WV) cover change miaps2014, as compared to (a) 1966-
1978, (b) 1980-2009 and (c) 1966-2009.
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Elevation and distance to scout camps are notfgignt as explanatory variables for
the observed pattern of woody vegetation chang®.(%}, but the density of houses is
significant (p<0.05). The density of houses in mhleorhood of 2.2 km is used as a proxy
for the population pressure and explains 32% obthserved spatial variation for the total
period (Figure 6.5B).

6.3.3 Treeline dynamics

The elevation of the present physiognomic treelnsituated between 3810 m in Jinbar
valley and 4005 m upslope from Argin village. Siniy, the upper individuals are

situated at 3827 m in Jinbar valley and 4053 m|apesfrom Argin village. On the Set

Derek and Saha photographs, there ar&na arboreatrees in 1973. But, on the recent
photographs in 2014, shrub-sizEdca trees appear. The upper tree limit is thus slgjftin
upwards.

Repeated photographs of the treeline indicate eiteerise in all pictured sites, but
there are many local differences (Table 6.2). Nexage annual rise of the physiognomic
treeline is 1.1 m but with a large standard deora{0.9 m). The upward shift of the upper
treeline is faster with 2.6 + 1.6 m per year onrage. The annual rise of the treeline is
especially high at Inatye mountain with 5.1 m Vedretween 1966 and 2014. The
physiognomic treeline in Jinbar valley shifted upsgawith 1.5 m year since 1966. As
stated before there was a fire in the 1970s; #fiisrfire the upward shift continued at a
similar rate (1.1 m yedrsince 1978). In Seketate (Figure 6.8) and Argirleyalthe
physiognomic treeline rose respectively with 2.8 8l m yeat during the last 20 years
(since 1994).
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1994

2014

Figure 6.8 Treeline dynamics in Seketate valleydasved from repeat photographs in the
Simen Mountains (1994-2014). The 30% forest cowaline is indicated in
yellow. The upper 1994 photograph is taken by Hdunsi.

Table 6.2 Dynamics of the upper and physiognomieeline derived from

repeat
photographs of the Simen Mountains.
Peak . U.p.per shift Physmgnomlc Shift Annual rate
Slope (m asl) Interval Years individuals (m) treeline m) (m year)
(m asl) (m asl)
Oold New Old New p-t u-t
Jinbar

Valley SE 4051 1966-2014 48 3791 3827 36 3736 3810 74 0.8.5

1973-2014 41 3812 3827 15

n/a 0.4 n/a
1978-2014 36 3821 3827 6

3771 3810 39 0.2 11

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

Inatye

Mt NW 4070 1966-2014 48 3791 3900 109 3631 3876 245 3 2.5.1
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 2.2.5

SE 4237 1994-2014 20 4020 4036

15 3940 3975 35 088

legge E 4246  1994-2014 20 4005 4053 48 3941 4005 61 241 3
Dif;k W 3913  1973-2014 41 <3830 3887 >57 n/a >14 nla
Saha 3785 19732014 41 <3700 3762  >62 n/a >1.5 nia
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6.4 Discussion

6.4.1 Land use and National Park management

The finding that there is no significant effecttbe National Park boundary on woody
vegetation changes is remarkable. This can beypaxplained by early colonization of
marginal lands in the lowlands outside the NP, WHeaves limited space for further
expansion of the cultivation land. At present, ewka reverse is observed: marginal
cultivation land on steep slopes is abandoned enldtvlands (Figure 6.9). On the other
hand, the continuing anthropo-zoogenic pressurenNational Park is responsible for
the lack of an effect from the National Park bougdd@he area covered by grassland is
relatively stable; it is only decreasing in favdrforests in Sankaber and in Imet Gogo.
Unfortunately, this study gives no insight in trendition of the grassland. Nevertheless,
the condition of the grass is of key concern fag #ttosystem. The Simen Mountain
National Park (SMNP) survey of 1996 indicated thialy 15% of the grass in the SMNP
was in a natural state, while 25% was heavily onsergd and 60% heavily grazed
(Nievergelt et al., 1998). Livestock pressure igrevncreasing due to a ban on the
expansion of cultivation land in Gich. The peogidtsd their livelihood strategy towards
increased livestock in reaction to this limitatiohthe cultivation land (Debonnet et al.,
2006). During the civil war in 1985, rebels occuptbe SMNP. Although the Walia ibex
(Capra walig population was heavily poached in that period, tatural resources of the
park were not significantly affected (Debonnetlet2006). The area around Sankaber is
the best protected area of the National Park, ceielyl protected since 15 years (Hans
Hurni, personal observations). The direct proxiniythe scout camp of Sankaber is a
potential explanatory variable for this observect@ase in woody vegetation. But overall
we cannot conclude that the location of the thmeiscamps have a significant effect on
woody vegetation changes. Moreover, the areaseirstinroundings of Gich and Chennek
camp show a decrease in the woody vegetation. i$hiee result of the strong influence
of population in Gich and Argin. Strong human puesson the environment is also
observed in neighboring mountain environments amdioNal Parks (Mugagga et al.,
2012). Severe erosion due to the replacement ektf®ry agriculture and settlements is
observed in Mount Kilimanjaro (Soini, 2005; Yandal&hishira, 2001), while at Mount
Elgon similar anthropo-zoogenic disturbances camsicrease of landslides (Mugagga et
al., 2012).
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Figure 6.9 Looking down from Imet Gogo to Truwatlage. In 1974 (photo by Hans Hurni)
fire was used for deforestation for the extensiboultivated land, while in 2014
the cultivation land on the steep marginal slopas been abandoned (white
arrows).

In contrast to the findings in this study, Wondieak (2011) observed a decrease of
cropland and an increase of forest between 19828684 in the SMNP. This decrease in
cropland is mainly due to the abandonment of afucal land below Sankaber camp
between 1985 and 2003. However, there is no evedémrcthe existence of cropland in
this area on the historical photograph of Larry Wiean from 1973 (Figure 6.2). On
average, an overall increase of dense forest wss faund in this study. But, more
important are the spatial patterns of woody veg@tathange, which indicate the negative
effects of continued anthropo-zoogenic pressure.

The ongoing deterioration of the natural environtrenthe village of Gich is clearly
indicated in this study. This is a well-known comcéor sustainable management of the
SMNP. Previously in 1979, seven villages inside thational Park were destroyed
(Debonnet et al., 2006). The resettlement of Gscpairt of a longstanding discussion and
one of the priorities foreseen in the current méaction. The villagers are encouraged to
resettle on a voluntary basis to the town of Delyardxchange of land and compensation
(EWCA, 2015). Gich accounts for almost half of teenaining households in the National
Park. Continued cultivation of the highly degrad®dplands forms a serious threat. In
Gich the people are dependent on food aid for Se6ths per year (EWCA, 2015). Beside
the resettlement of villages, the park boundarieeewealigned to exclude villages at the
boundary of the park and at the same time to ircMe@sarerya and Lemalimo wildlife
reserves. As a result, the park was expanded witlosh 10,000 ha and the population
within the National Park was reduced with 1300 pedqpebonnet et al., 2006), and a
further expansion took place in 2008. These st are part of the UNESCO/IUCN
mission to guide the SMNP towards removal from Benger list. Caution is needed
since the park resources are not only used by pemglide the national park, also
communities living in the vicinity use these resms.
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6.4.2 Upwards shift of theErica treeline

An upward movement of the upper forest, in areakeudecreased influence of anthropo-
zoogenic pressure, is observed in the Simen Mawnidigure 6.10). The observed shift
near to Seketate and Argin is remarkable taking @atcount the vicinity of the villages of
Seketate and Argin. However, at the ridge betwbenwo valleys there is a scout house
within 1 km from the upper forest of Argin and 2 Krom the upper forest of Seketate.
Evidence of an upwards shift of the upper treelntine Simen Mountains, since the early
twentieth century, is also given by Hurni (2005epRat photographs near the almost
inaccessible Silki Mountain massif, between 1906n(f F. Rosen) and 2004, indicate a
rise of theErica arboreaforests by about 150 m.

Such evidences of a risen treeline elevation irasrender low anthropo-zoogenic
pressure provide proof for a potential climaticeetf(Hurni, 2005). The observed treeline
uplift in the study corresponds, according to thiualinal temperature lapse rate for East
Africa of 0.6°C per 100 m (Peyron et al., 2000)thva temperature effect between 0.5 and
1.5 °C since 1966. This increase of the air tentpegas of the same magnitude as the
observed 0.37°C increase per decade between 19520856 for Ethiopia (Tadege, 2007).
Similar vegetation responses to increasing temperaitin the Ethiopian Highlands,
during the early Holocene (Umer et al., 2007) after dahe Little Ice Age (Bonnefille and
Umer, 1994), are clearly demonstrated by ratioEtaceaepollen derived from the
Bale and Arsi Mountains respectively.

Figure 6.10 Repeat photographs of the Simen Mouositajleft) Kedadit Mt. (Imet Gogo
cluster) showing the appearance Bfica bushes (red arrows) in the recent
photograph where nderica is visible on the 1973 photograph (by Larry
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Workman). (right) Inatye mountain, the treelinevalon shifted 245 m upwards
between 1966 (photograph by Bernhard Nievergetl)2014 (white arrows), from
3631 to 3879 m.

6.5 Conclusion

The Simen Mountains provide a habitat for severadlaagered endemic species and
provide important ecosystem services to the enwmem. However, since 1997, the

Simen Mountains are listed as World Heritage ingganLandscape changes derived from
repeat photographs (from the period 1966-2009)catdi that the natural landscape is to
date (2014) still under pressure by anthropo-zoimgempacts. This is especially the case
around the villages of Gich and Argin. On the othand, this study also indicates a
positive evolution of increased woody vegetatiomuad Sankaber and Imet Gogo.

Moreover, in locations isolated from anthropo-zatdgeressure an increase of the upper
treeline is observed, which is potentially relatath a climate warming up to 1.5°C over

the last 50 years. Continued reduction of the apibvzoogenic pressure is thus a key
element for a recovery of the afro-alpine vegetatind associated wildlife habitat.
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The photograph on the back of this page is taketheanorthern slope of Ferrah
Amba Mountain on 17 November 2014. The two boystlo® photograph are
carrying driedrica branches to their house. The branches are usi@e@weod for
cooking.
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Chapter 7 Assessing spatio-temporal rainfall
variability in a tropical mountain area (Ethiopia)
using NOAAs Rainfall Estimates

172



Part 3

This chapter is based on:

Jacob, M., Frankl, A., Mitiku, H., Zwertvaegher, Alyssen, J. (2013). Assessing spatiotemporal
rainfall variability in a tropical mountain area tfiopia) using NOAAs Rainfall
Estimates. International Journal of Remote Sen&ad23), 8305-8321.
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Abstract

174

Seasonal and interannual variation in rainfall canse massive economic
loss for farmers and pastoralists, not only becaisgeficient total rainfall
amounts but also because of long dry spells witihgnrain season. The semi-
arid to subhumid mountain climate of the North Bfi&n highlands is
especially vulnerable to rainfall anomalies. Insthgaper, spatio-temporal
rainfall patterns are analyzed on a regional soalé¢he North Ethiopian
highlands using satellite-derived Rainfall Estinsa{RFE). To counter the
weak correlation between the RFEs and the Metegiedb Station (MS)
rainfall data in the dry season, only the rain seasinfall from March till
September is used, responsibledar91% of the annual rainfall. Validation
analysis demonstrates that the RFEs are well ebeckiwith the MS rainfall
data, i.e. 85% for RFE 1.0 (1996-2000) and 80%RBE 2.0 (2001-2006).
However discrepancies indicate that RFEs generaligerestimate MS
rainfall and the scatter around the trendlinescaidis that the estimation by
RFEs can be in gross error. A local calibrationRFE with rain gauge
information is validated as a technique to imprtive RFEs for a regional
mountainous study area. Slope gradient, slope aspekcelevation have no
added value for the calibration of the RFEs. Themegion of monthly
rainfall using this calibration model improved oreeage by 8%. Based upon
the calibration model, annual rainfall maps andaserage isohyet map for
the period 1996-2006 were constructed. The maps shgeneral northeast-
southwest gradient of increasing rainfall in thedst area and a sharp east-
west gradient in its northern part. Slope gradiesfdpe aspect, elevation,
easting and northing were evaluated as explandsmtprs for the spatial
variability of annual rainfall in a stepwise mulBpregression with the
calibrated average of RFE 1.0 as dependent vari#dalsting and northing
are the only significant contributing variablé®:(0.86), of which easting has
proven to be the most important facté’:(0.72). The scatter around the
individual trendlines of easting and northing cepends to an increase of
rainfall variability in the drier regions. The inmgwed estimation of spatio-
temporal rainfall variability in a mountainous regiby RFEs is, although the
remaining underestimation of rainfall in the southpart of the study area,
valuable as input to a wide range of scientific gled

Keywords: RFE, North Ethiopian highlands, Calibwati Rainfall patterns
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7.1 Introduction

In drought years, millions of Ethiopians are depmaridon assistance (Segele and Lamb,
2005), not only because of deficient total rainfathounts but also because of long dry
spells within the rain season (Seleshi and Camh&0i05). The northern Tigray region is
the driest region in the semi-arid to subhumid ntaum climate zone of the North
Ethiopian highlands (Nyssen et al., 2005). Seasandlinter-annual variation in rainfall
can cause massive economic loss for abundant peoalrfarmers (dependent on rain-fed
agriculture) and pastoralists (Shanko and Camhedi®98). The severe impact of
successive dry years has been demonstrated relyesidethiopia, e.g. the droughts of
1973-1974 and 1982-1985 claiming the lives of savaundred thousands of people
(Tilahun, 2006a). Rainfall is not only of main impance for agriculture, but is also a
driving force of water erosion processes (Nysseal.eR005). Nevertheless climatological
studies have been neglected for a long time inatie and semi-arid tropical regions
(Tilahun, 2006b). Recently characterization andalmality of rainfall in Ethiopia are more
widely studied (Cheung et al., 2008; Conway, 200@ssen et al., 2005; Segele and
Lamb, 2005; Seleshi and Camberlin, 2005; Selesti Zemke, 2004; Tilahun, 20064,
2006Db).

The aim of this paper is to analyze rainfall paisenot only in time, but also spatially
for the period 1996-2006. Analyzing spatiotempaeahfall patterns is rendered possible
by use of satellite-derived Rainfall Estimates (RRFBEd through the establishment of a
relation between rainfall measured in Meteorologi8tations (MS) and RFE. The
advantage of this method is that “satellite rainidtimates fill in gaps in station
observations” (Verdin et al., 2005). Besides NalorOceanic and Atmospheric
Administration Climate Prediction Center (NOAA-CPRFE, there are other satellite
rainfall products with a high spatial and tempaesolution such as ARC, 1DD, 3B42,
CMORPH, TAMSAT. Dinku et al. (2007) validated theslkgorithms for the complex
topography of Ethiopia and concluded that CMORPH @8AMSAT performed the best.
Nevertheless RFEs are used in this regional stuglyause of the particularly high spatial
resolution (0.1°) and the opportunity to use histdrdata starting from 1996. The choice
for the RFE algorithm is also important given theegspread use within the Famine Early
Warning System (FEWS) of USAID, as a tool for cltsmanonitoring over Africa (FEWS
NET, 2010a). Shrestha et al. (2008) have used Ré-Bsvelop a hydrological modeling
system of the Bagmati River Basin of Nepal. Senag ®Werdin (2003) used the RFE
derived Water Requirements Satisfaction Index (WR&Icalculate seasonal crop water
balances.

The validation of RFE in Africa is insufficient armdainly occurred in the west and
south of the continent (Dinku et al., 2007). Dirdtwal. (2007) therefore made a validation
study over the east African complex topography Wwhidicates that the estimations by
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RFE 2.0 version performs less well than the RFEv&@ion. Subsequently, Dinku et al.
(2010) investigated the effect of mountainous amd elimates on RFEs in East Africa.
The RFEs exhibit a moderate underestimation offalliover mountainous regions and
high overestimation of rainfall over dry regionsr{ku et al., 2010).

In this paper the possibilities of using RFEs fpatso-temporal rainfall analysis on a
regional scale in a mountainous area is studie@refore the RFEs are validated and
calibrated for the regional study area using M&fedii data.

7.1.1 Climatic background

The North Ethiopian highlands are part of the ‘éém drylands’ characterized by
unreliable seasonal rainfall. Rainfall average®96t2006) based upon rainfall data of the
meteorological stations (without missing valuegjicate that rainfall distribution in the
study area follows a unimodal rainfall pattern wah unreliable short rainy season
preceding the main rain season (Figure 7.1). Riimfahe North Ethiopian highlands is
the result of two main processes: the dominant gg®cis convective rainfall and
orographic rainfall occurs where winds pass topolgia obstacles (Daniel, 1977). The
mean annual rainfall in the Tigray region variesuad 600 mm yedr (Krauer, 1988).
The daily rain pattern is dominated by afternoangdwith 47% of the rainfall from 12 to
18 PM) provoked locally by the convective naturetlod rains after morning heating of
the earth surface (Krauer, 1988).

Rainfall in the North Ethiopian highlands is maimlgpendent on the movement of the
Intertropical Convergence Zone (ITCZ) (Goebel amte®yo, 1984). The ITCZ is situated
south of the equator in Eastern Africa during theter in the northern hemisphere. The
climate of North Ethiopia is then dominated by hyglessure cells of the eastern Sahara
and Arabia. North-east winds are prominent with dmstreams from the Sahara that
result in dry weather, this period is known as llega season (Figure 7.1) (Seleshi and
Zanke, 2004; Westphal, 1975). From March to May 8&haran and Arabian high
pressure system weakens and moves north. Over ¢deSRa the low pressure area
remains and over Sudan a low pressure center gevdluring this period onshore east
and south-east winds are prominent. Spring rainsocaur as a result of the change in
pressure cells, this small rain season is knowmth@szmera season (Figure 7.1). In May
the monsoon establishes, associated with the narttsvmovement of the Intertropical
Convergence Zone (ITCZ). Unstable, warm, moistwaih eastern wind passes over the
Indian Ocean and converges with the stable, camiheair and provokes frontal
precipitation in the eastern and southern part tfiogia (Seleshi and Zanke, 2004;
Westphal, 1975). At the end of June the ITCZ ikisxmost northern position (16 - 12°N)
initiating the main rain season from June to Sepnnknown as kiremt (Figure 7.1)
(Cheung et al., 2008). Kirermdin is responsible for 65 to 95 % of the total@dramount

176



Part 3

of rainfall (Segele and Lamb, 2005). According tedphal (1975) the weather during
this period is dominated by the monsoon low pressdiindia and Pakistan. Winds in the
lower troposphere come prominently from the west Hrese air masses are moist and
cool, as they originate from the South Atlantic aixsorb vapor passing the equatorial
forest, these are the main source of moisture foropia (Goebel and Odenyo, 1984;
Segele and Lamb, 2005; Westphal, 1975).
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Figure 7.1 Rainfall averages (1996-2006) with statiddeviation based on rainfall data of
the meteorological stations in the study area @utrabsent values). The seasonal
borders are indicated by dotted lines: the begg @rason begins in October and
ends at the beginning of March.

In the rain season the dominant western wind indther troposphere provokes more
rainfall on western and southern slopes (Nysseal.et2004). As a result the North
Ethiopian highlands intercept most of the monsoaaadfall in the region, provoking a
strong moisture deficit at the Rift Valley (Legesst al.,, 2004). Tilahun (2006b)
calculated the probabilities of wet and dry peridds Mekelle (regional capital of
Tigray). In the period July-August the probabilay a dry period of 2 days is very low
(ca. 2%). At the same period the maximum probatibt a wet day occurs, on 9 August
with 75%. In contrast, in the period October-Febyuhe probability of a dry period of
one week is about 90%, rainfall in this period ighly unreliable. A proportion of only
2% of the rain-days is responsible for 40% of ttaltrainfall (Tilahun, 2006a).
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7.2 Materials and method

7.2.1 Study area

The Federal Democratic Republic of Ethiopia israllacked state of 1 104 3@@n* (UN,
2010) in the horn of Africa. The study area (20 8®®) covers a north-south transect
strip across the eastern part of Tigray, the mosihern region of Ethiopia (Figure 7.2).
The study area is delimited to reflect the regionariability in environmental
characteristics, i.e. variations in climate, toquty and soil. The study area is situated on
the western shoulder of the Rift Valley between4dl?and 14°23'N and between 38°55’
and 39°49’'E with the towns of Adigrat in the nomm@ost and Maychew in the
southernmost position. The elevation of the studya aanges from 1000 to 3939 m a.s.l.
(at the Ferrah Amba summit) (Figure 7.2). Theefels characterized by a stepped
morphology reflecting the subhorizontal geologictiucture (Nyssen et al., 2007).
Towards the east of the Tigray region, on the howdéh the Afar region, the altitude
lowers rapidly towards the East African Rift vallejhis change in topography is the
water divide between the westwards drainage towd#ndshydrological basin of the
Tekeze river and that eastwards towards the bdsiredzast African Rift.
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Figure 7.2 Location of the study area in the Hof\fsica, on the western shoulder of the
Rift Valley, along a north—south transect acrossteza and southern Tigray.
Notice the position of the ITCZ in January and Jutythe regional map.

7.2.2 Meteorological stations

The National Meteorological Agency of Ethiopia (NMAurrently has 61 meteorological
stations in Tigray, classified as synoptic, primtip3rd, and 4th class stations (NMA
2010). The stations are located in urbanized ateading to a lack of information within

agricultural and scarcely populated areas. In tieisearch a NMA dataset of 21
meteostations from eastern Tigray is used withfadidata starting from the early 1960s
up to 2006 (Figure 7.3). The quality of the datarggly varies between the stations in
terms of both timespan and missing records. Fairosis (Agulae, Araguren, Betemera
and Finarwa) have no data for the research peri®@®6-2006). The remaining 17
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meteorological stations are used for the calculatidhis corresponds in theory with a

density of 1 station every 1224 knn the study area. But in reality the stations are
unevenly distributed, they are mainly located ia tlorth and the center and only limited

in the south of the study area.
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Figure 7.3 Rainfall measurement operation inteofalhe 21 NMA meteorological stations
(1960-2006).

7.2.3 Spatiotemporal rainfall analysis

Data and preprocessing

Satellite derived Rainfall Estimates (RFEs) of MoHEthiopia were accessed from the
NOAA-CPC on http://www.cpc.ncep.noaa.gov/produeisd/. With a spatial resolution
of 8 x 8 km?, decadal RFE could be downloaded tvermperiod 1996-2006. RFEs of the
period 1996-2000 are based on the algorithm deeeldyy Herman et al. (1997). The 1.0
algorithm relates convective precipitation to caldud tops observed on Meteosat 7
infrared satellite images and orographic preciitato warm cloud precipitation due to
orographic lifting observed through the integratiohsurface wind direction, relative
humidity and orography. The 1.0 algorithm is enlehd®y incorporating rain gauge
reports from approximate 1000 stations over AfriekEs of the period 2001-2006 are
based on the 2.0 algorithm developed by Xie andrm{k996). In addition to the version
1.0, RFEs version 2.0 incorporates two rainfalineation instruments (Special Sensor
Microwave/lmager and the Advanced Microwave Sougdimit). Also in contrast to the
1.0 algorithm, warm cloud precipitation is no longecluded in the algorithm.

180



Part 3

Daily rainfall of the 17 meteorological station (&d decadal data of the RFE were
summed to monthly data for the corresponding periadthout missing MS data.
Assigning MS data to specific RFEs pixels was donArcGIS® 9.2 by projecting the
location of the rainfall station into the Albersuad) area conic projection (Clarke 1866
spheroid) used for the RFEs; with as origin oftlates 1°, central meridian 20°, first
standard parallel -19°, and second standard pb2dltéFEWS NET, 2010b).

Validation and calibration of the Rainfall Estimates

Rainfall detection capabilities of satellite dedveainfall estimates (RFE) are less
accurate over the complex topography of the semitthiopian Highlands (Dinku et al.,
2010). Therefore they advised to incorporate loam gauge observations to improve the
accuracy of the RFE images. In this paper a loadbmation of the RFE images with
meteorological stations is verified as a techniguanprove the rainfall estimations and
study rainfall patterns in a spatio-temporal cohtex

The statement by Beyene and Meissner (2010) th& iRfages are less accurate in
measuring rainfall in the dry season (from OctdieeFebruary) is also true in our study
(Figure 7.4). Consequently only the rainfall in #mera and kiremt rain season, which is
responsible for an average of 91% of the total lye@infall (1996-2006), was used to
calibrate the RFE images. Rainfall in the dry seasas thus neglected in the calibration
model and could not be compensated by an extrapolaf the rain season. Rainfall
amounts in the dry and rain season did not cogdanificantly (R: 0.1391, P: 0.26,
1996-2006).
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Figure 7.4 RFE versus MS rainfall for the dry seafl®96—-2000). The correlation between

MS and RFE1.0 rainfall values for the dry seasoct¢@er—February) is low (R2
= 0.26).
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In order to assess whether RFEs accurately estimmiethly rainfall, a linear
regression analysis was performed in SPSS® 20 MEhas independent variables and
RFEs (versions 1.0 and 2.0) as dependent vari@hkij et al., 2007; Funk and Verdin,
2003). The model was forced through the originhes zero-zero point is the only point
that fits 100% with reality. The advantage of tmethod is that a bias at the origin of 16
mm for RFE1.0 and 12 mm for RFE2.0 is excluded ftbenmodel. The Abiy Adi station
was excluded from the analysis as a large discgpbetween MS and RFEs data could
be observed. Field experience learns that thispealsably caused by the importance of
local orographic rains as a result of the particldaation of the Abiy Adi station at the
foot of a steep mountain slope which rises 700 gh.hi

Increasing the accuracy of RFEs data for the NBtthopian highlands was done by
calibrating the RFEs with MS data. Therefore, gwise multiple regression analysis
through the origin with RFESs, elevation, slope atape aspect as independent variables
and MS as dependent variable was applied (Purewatogl., 1998; Weisberg, 2005).
Elevation, slope gradient and slope aspect wereergbred from the 90 m SRTM
(CGIAR, 2012) with the spatial analyst tools in GIS® 9.2. These additional
parameters were added to the regression analysis the purpose of improving the
estimation of the spatial variation of rainfalltime study area by the RFEs. The additional
parameter slope aspect can take all trigopnometda&ctions and is therefore fitted
according to the model of Nyssen et al. (2005) wvaitsinusoidal function. The spatial
variation was modeled by a non-linear multiple esgion according to a stepwise model,
excluding at each step the least significant exgilany variable until the best significant
relation was found.

The regression equation for the calibration is tlousied by:
Ms=Bx RFE+dx $+ix E+ p(sin( A p) 1)

with: Ms: estimate monthly MS rainfall (mm mtjy RFE: monthly RFEs rainfall

(mm mthh); S: Average slope gradient of the pixel(B); Average elevation (m a.s.l.)

Ai: Average slope aspect (in deg. turning right frim@ N); p and p are constants:,p
p,= amplitude of the sinusoidal function andpp= aspect (in deg.) where average rain is
expected.

The obtained calibration function is cross-validatgth a robust linear model (RLM)
in R® 2.14.0. The ability of the RLM function top®duce the observed MS rainfall, in
comparison to a linear model, is tested with akadlk function.
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The cross-validated calibration function was usedcalibrate the monthly RFEs
images over the period 1996-2006 in ArcGIS® 9.2ngis raster query. Summing up
calibrated rainfall values per year gave pixel-blaeenual rainfall and allowed to produce
an isohyet map over the period 1996-2006.

Explaining the spatial variability of annual rainfall

The calibrated rainfall images were used to study éxplaining value of five spatial
parameters (elevation, slope gradient, slope aspasting and northing) on the spatial
distribution of rainfall for the study area (eq. 2)

RFEcal = f(elevation, slope, slope aspect, eastinghing)? (2)

The calibrated RFE images have a resolution of 8&, the SRTM derived
parameters (elevation, slope and slope aspectharefore generalized to this resolution.
Subsequently a vector point grid was computed Herdenter of the raster area and the
pixel values were extracted for each point of alliables. The easting and northing of the
pixels were calculated by adding x,y coordinatesht vector point grid. The results of
these calculations in ArcGIS 9.2 are six correspunthbles. These were used as input to
a multiple non-linear regression analysis to idgntvhich variables do significantly
explain the variability of annual rainfall in theudy area.

7.3 Results

7.3.1 Monthly Rainfall Estimates versus Meteorological sation data

Average monthly rainfall from the sixteen MS was.B8%5nm and 79.4 mm over the
periods 1996-2000 and 2001-2006 respectively (Taldle Figure 7.5). Over the same
periods, average monthly rainfall derived from RRiss 68.3 mm (RFE 1.0) and 59.8
mm (RFE 2.0). This means that RFEs underestimatapipyoximately 25% the rainfall
recorded in MS. This is the result of extremelyalee observations for the MS datasets
(Table 7.1, Figure 7.5). The Pearson’sorrelation coefficient is 0.85 between MS and
RFE 1.0 and 0.80 between MS and RFE 2.0. Both Kesvrsess and kurtosis are
significant at thex = 0.05 level.
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Table 7.1 MS and RFEs monthly rainfall (mm mth-¢¢othe period 1996-2006.

Period 1996-2000 Period 2001-2006
MS RFE 1.0 MS RFE 2.0
Months ) 359 359 552 552
Mean 85.0 68.3 79.4 59.8
Median 45.6 32.0 43.0 39.0
Std Deviation 96.4 81.6 85.5 60.9
Minimum 0.0 0.0 0.0 0.0
Maximum 480.7 325.0 405.3 284.0
Interquartile Range 121.3 91.0 104.6 67.0
Skewnesst 1.4 1.3 1.3 1.4
Kurtosist 1.3 0.5 1.1 1.3
t significant atx = 0.05.
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Figure 7.5 Boxplots of the monthly rainfall datan (mm) for the period 1996-2000 (a)
RFE1.0 and (b) MS.

A linear regression analysis between monthly rédirifam MS and RFE 1.0 or RFE
2.0 was carried out to define the estimation aayui the RFEs (Figure 7.6A and B).
With adjustedR%values of 0.72 and 0.64 respectivafz(.001), both RFEs 1.0 and RFEs
2.0 prove to be good estimators of MS data. Thalitalof these models was supported
by a fulfilment of the homogeneity of varianagrmal distribution of the residuals, and
no trends occurring when plotting the residualsiriecalendar years. From the line of
prefect agreement (1:1 line; Figure 7.6A and B)ajipears that RFEs generally
underestimate MS rainfall, and the scatter aroumel trendlines indicates that the
estimation of monthly rainfall by the RFE can beymoss error.
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Figure 7.6 Linear regression analysis of monthinfedl for RFEs versus MS. (a) RFEs 1.0
(period 1996-2000), (b) RFEs 2.0 (period 2001-200B)derestimation of the
RFE values in comparison to 300 mm monthly rainfaMsS.

7.3.2 Calibrated monthly Rainfall Estimates over the perod 1996-
2006

Slope gradient and slope aspect have no added aaleeplaining factors of the spatial
variation and are therefore excluded from the regjom equation (Table 7.2). Elevation is
significant but the explaining value gained by addihis variable in the regression
equation is very lowR increases by 0.009). The stepwise regressionfina$ulted in a
simple linear regression through the origin (0,@dhvirFE as independent variable.

Table 7.2 Coefficients and excluded variables asilted from the non-linear multiple
stepwise regression (RFE1.0, 1996-2000)

t Sig.
Coefficients
RFE1.0 31.500 0.000
Elevation 4.832 0.000
Excluded variables
Slope gradient -0.243 0.808
Slope aspect -0.071 0.944

The linear model (LM) is cross validated with a usblinear model (RLM). The fitted
regression line of the LM and RLM function are abhalentical, the RLM fitted line falls
completely within the 95% confidence interval of M (Figure 7.7.
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Figure 7.7 A comparison between LM and RLM for REElersus MS (1996—-2000). Black,
the fitted regression line of the LM with 95% catgnce interval (Cl); red, the
RLM fitted regression line. Note that the red RL&gression line lies completely
within the 95% CI of the LM.

The jackknife estimate of bias for the LM and RL&respectively 0.001 and -0.012 and
the jackknife estimate of the standard error ipeetvely 0.038 and 0.042. The difference
between the jackknife estimate of the bias anddstaherror is insignificant. Therefore the
LM is used for the calibration for the two RFE vierss 1.0 and 2.0 separately.

As the RFEs prove to underestimate monthly MS adlind linear regression analysis with
RFEs as independent variable and MS as dependeableawas performed={gure 7.8\ and
B). The linear regression equations for RFEs 120 were:

Ms=1.1067 RFE (1.0) R% 0.72 N: 359 P: <0.001  (3)
Ms=1.227% RFE(2.0) R% 0.64 N: 552 P: <0.001  (4)

As both coefficients were significant at P<0.00dljlrating the RFEs images was done by
multiplying the RFEs pixel-values with 1.1067 an@2/9 for RFEs 1.0 and RFEs 2.0.In
order to validate the calibration model, a commari®f the original RFE values and the
calibrated RFE values to the MS gauge rainfall @slis made. As a result of the RFE1.0
calibration, the estimation of rainfall for the dyuarea improved by average with 8%
(Table 7.3 in comparison to the original RFE1.0.
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Table 7.3 Validation of calibration model for RFE11996-2000)

Totalt Error8 Improvement

Orig. Gauge Calt Orig. Cal of

RFE Rainfall RFE RFE RFE Cal RFE (%)

(mm)  (mm)  (mm) (%) (%)
March 897 1455.3  992.7 38.4 31.8 6.6
April 1109 1489.0 1227.3 25.5 17.6 7.9
May 1161 2051.7 1284.9 43.4 37.4 6.0
June 1516 2039.8 1677.8 25.7 17.7 7.9
July 8861 10635.5 9806.5 19.3 7.8 8.9
August 9797 10993.1 10842.3 8.6 14 9.5
September 1161 1838.5 1284.9 36.9 30.1 6.7
Avg. total 3500 4357.6 3873.8 28.2 20.5 7.7%

T Rain season total

t Calibrated RFE: 1.1067*RFE1.0

§ Percentage error in comparison with MS

1 Improvement of calibrated RFE in comparison witigioal RFE

The monthly calibrated RFE images are summed foh gaar to obtain maps of the
total yearly rainfall (Figure 7.8). The calibrat&®FE maps demonstrate regional and
temporal yearly rainfall contrasts for the studgaarBased upon these maps an isohyet
map of the average yearly rainfall for the peri@®@-2009 was constructed (Figure 7.9).

2004 ~ 2003 2006

Precipitation (mm)

vvvvv

38

BEaisl

Figure 7.8 Calibrated yearly RFEs corresponding tgpical (a) dry year (2004), (b) normal
year (2003), and (c) wet year (2006).
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The isohyet map indicates that there is a generdheast-southwest gradient of increasing
rainfall in the study area and a sharp east-weslignt of increasing rainfall in the north of
the study area. The average annual rainfall osthehernmost MS of Maychew is only 542
mm. The average total rainfall difference betwebe hortheastern (320 mm) and the
southwestern (620 mm) part of the study area isrB00 However this difference fluctuates
highly between the different observed years.

147N

Tr Reglonal capital
®  Meteorobogical statons
A FerahAmba 3938 masl,
Contours (V1. 1000m)
— |sohyet (25mm Interval)

13N

Prajection; Albers Equal Conic Projection
Datum: Clarke 1885 spharoid

o 5 10 20 Km
S . |

Figure 7.9 Isohyet map of average rainfall (199®8)0in the rainy season (March—
September) as derived from calibrated RFE data.

7.3.3 Spatial variability of annual rainfall

A non-linear multiple regression is used to deteemivhich variables are significantly
explaining the variability of the annual rainfallhe regression is executed with the
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calibrated average of RFE1.0 as dependent var{adpeesenting the spatial distribution
of rainfall) and elevation, slope gradient, slopspect, easting and northing as
independent explaining variables. The stepwiseiplaltegression excludes the variables
elevation, slope gradient and slope aspect, themgables are not significantly
contributing in explaining the spatial distribution the rainfall. The resulting regression
equation includes easting and northing (eq. 5)taslarR*-value of 0.86 (P<0.001). The
distribution of rainfall for the study area is theeyy dependent on easting and northing.

RFEcal = 7333.581- 0.00288029E - 0.000663432NR* 0.86 N: 325 P:<0.001 (5)

With
E: Easting (m)
N: Northing (m)

A simple linear regression analysis between suogdgseasting- and northing- and
RFEcal average (1996-2000) is given in Figure 7.1 B. Apparent is the high
explaining value of the easting% 0.72). The east-west position is hence most itapor
in explaining the amount of yearly rainfall for tls¢udy area. The amount of rainfall
decreases eastwards. The explaining value of ththing is less strongRE:0.14),
however the plotted linear trendline shows a desaed rainfall with increasing northing.
These results correspond to the trends detectenh filte calibrated rainfall maps
(Figure 7.8).
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Figure 7.10 Linear regression analysis of longit(#eand latitude (B) versus average annual
calibrated rainfall of RFE1.0 (1996—-2000) (RFE1lca

7.4 Discussion

As indicated by this and previous studies (Beyené Bleissner, 2010; Dinku et al.,
2007), RFEs can provide fairly good insights impateotemporal rainfall patterns in North
Ethiopia. The high correlation coefficients of 0.850.80 between monthly rainfall from
MS and RFEs 1.0 or 2.0 respectively are similathi findings of Dinku et al. (2007)
werer-values of 0.78 and 0.75 are reported. RFE1.0r®peing 8% better than the new
RFE2.0 images that seems to suffer from the exaust orographic warm rain processes
in the RFE2.0 algorithm (Beyene and Meissner, 20H)yh correlations were found
during the rain season (March-September) and wegaklations occurred during the dry
season (October-February). To counter the wealelation in the dry season, only the
rain season rainfall from March till September s&d in the calibration model. Neglecting
the dry season rainfall is possible given its ledifraction of the annual rainfaltq. 9%)

in the North Ethiopian highlands.
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RFEs underestimate precipitation (Dinku et al. 208@ure 7.6). According to Dinku
et al. (2007) this is especially the result of amportant underestimation of large
precipitations. The patterns of the isohyet mapchaiatterns as described in literature
(Degefu, 1987; Tadesse et al., 2006). The caldmatodel succeeds to reduce the error
scatter of the original RFEs, but an underestimabd rainfall remains. The study of
Dinku et al. (2010), revealed that RFE exhibit nratke underestimations of rainfall over
mountainous regions. This is also apparent in tudys especially in the southern part of
the study area. The average annual rainfall of Mawcis according to the isohyet map
542 mm, but in actuality (according to the MS d&&] mm. Rainfall in the south is thus
strongly underestimated, by 119 mm for Maychew. pber calibration in the south may
also result from the very limited rainfall data #éable for the southern stations of
Yechilla, Finarwa and Betemara. In the western M@&gbe the annual average rainfall
differs only 4 mm between the RFE average (610 rand) the actual MS average (614
mm).

The spatial variability of rainfall in the studyearis mainly determined by easting and
only very limited by northing. Nonetheless northingas a result of the northwards
movement of the ITCZ - is generally described asmiost important explaining factor for
the distribution of rainfall in Ethiopia (Goebel dait©®denyo, 1984; Krauer, 1988). This
contrast results from the location of the studyaatkthe boundary of the Rift Valley. The
general rainfall pattern is modified by the topguna boundary of the Rift Valley
(Degefu, 1987) and as a result the rainfall patwrthe study area is dominated by a
sharp east west gradient of increasing rainfale $tatter around the trendlines for easting
increases east and for northing increases north;itldicates that rainfall variability
increases in drier regions.

To further improve the reliability of the RFE cabibion, additional mountain related
rainfall data is necessary. This could be achigheough densification of the rain-gauge
network with new MS measuring rainfall in mountaisoregions. An interesting
perspective for future research consists of ahcstl extrapolation of the spatial rainfall
pattern. We would suggest a reconstruction batked 970s, as rainfall measurement for
most of the MS starts from this period (Figure 7.3)

7.5 Conclusion

The semi-arid to subhumid mountain climate withnuodal rainfall patterns of the North
Ethiopian highlands is especially vulnerable tofal anomalies. The rainfall estimation
strength of satellite derived RFEs for the studyspétio-temporal rainfall patterns is
validated to MS data with a linear regression tgtothe origin (0,0). As a result of a
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weak correlation between RFE and MS rainfall datéhie dry seasorR{:0.26), only the
rain season from March till September is analyzedponsible foca. 91% of the annual
rainfall). The result demonstrates that the RFEsveell correlated with the MS rainfall
data (85% and 80% for RFE 1.0 and 2.0 respectivégvertheless RFEs generally
underestimate MS rainfall and scatter around thadiines indicate that the estimation
can be in gross error. To improve the RFEs formimeintainous study area, a calibration
with local rain gauge data and explanatory spgtéabhmeters was applied. The SRTM
derived spatial parameters (elevation, slope gmadend slope aspect) were not
significant. Consequently the calibration resuli@@ linear regression through the origin
(0,0) with MS as dependent variable and RFE aspeddent variable. Based upon the
calibration model the estimations of the RFEs imptbwith 8%. The calibrated RFEs
supported the production of annual rainfall mapstife study area and an isohyet map
with the average yearly rainfall for the period 6#006. The maps indicate that there is a
general northeast-southwest gradient of increasangall in the study area and a sharp
east-west gradient of increasing rainfall in thetmaf the study area. The explanatory
value of slope, elevation, slope aspect, eastingremthing for the spatial variability of
annual rainfall is studied in a non-linear multipegression with the calibrated RFE as
dependent variable. Of the explanatory variabldg easting and northing are significant
and included in the regression analy§ts 0.86). The most important explaining variable
of the spatial rainfall variability is eastin§ 0.72). This results from the position of the
study area at the boundary of the Rift Valley. Bhatter around the individual trendlines
of easting and northing demonstrate that rainfaliiability increases in drier regions.
Based upon the calibration model the scatter obtiginal RFEs can be reduced, but an
overall underestimation of rainfall remains. Thgtiunderestimation of rainfall in the
south of the study area is possibly the resulthefmore pronounced relief. In order to
make RFEs more reliable, especially in mountainanéas, additional mountain related
MS rainfall data is necessary to improve the catibn of the RFE images. However
calibration of RFEs for the study area has proweré valuable in gaining improved
understanding of the regional spatiotemporal rédirgatterns, which are important as
input to a wide range of scientific models with edir linkage to land management
strategies and scenarios.
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Chapter 8 Microclimate conditions for Erica
arborea growth at the upper treeline in Northern
Ethiopia
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Abstract

The microclimatic conditions in the tropical Africehighlands determine the
growth limitations for the vulnerable afro-alpinegetation and the treeline
forest.In this chapter, the determining factors of the ntain microclimate
are studied at the afro-alpi&ica arboreatreeline for two mountain rang@s
North Ethiopia: Lib Amba of the Abune Yosef Mts.daRerrah Amba Mt.
Rainfall, air, ground and soil temperature are mestbetween March 2012
and October 2014 in local meteorological statiorstalled along the slope of
these mountain ranges. Rainfall, ground and somptrature have no
significant relation with altitude. Rainfall follosva bimodal rainfall pattern
with an unreliable small rain season (March-Maygading the main rain
season (June-September). The soil temperaturdliemeed by vegetation
cover and incoming radiation. Soil temperature® (ein) in forested areas
are on average 1.8°C colder in comparison to nossfed areas. This can
cause a positive feedback effect by the forest)tesimeg tree seedlings
against diurnal soil temperature variability. Aientperature is strongly
related with altitude. The average environmentpéarate in the study area
is 0.72°C per 100 m. Air temperature is indicatecbé most important in
setting the treeline limit in the North Ethiopiamghlands. The treeline is
currently located 400 m below its climatic potehtimit and is expected to
increase 150 m in elevation under a climate warrintf’C.

Keywords: Microclimate; positive feedback; envircezmmal lapse rate;
potential climatic treeline
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8.1 Introduction

High mountain areas and the ecological transitionezof the treeline in particular, are
sensitive ecosystems to a great extent, contrblfeclimate (Bendix and Rafigpoor, 2001;
Bader et al. 2007). Climate is a key factor retyodptree growth. The prevailing climatic
conditions set limits for tree survival, for specieomposition and stand characteristics
(Wieser and Tausz, 2007).

Barry (2008) gives a review of the four basic gapiiical determinants of mountain
climates: latitude, altitude, topography and ccertiality. The latitude effect explains the
low seasonal variability in day-length and solatiation totals in the tropics. The annual
range of extraterrestrial radiation is only 19%d@t, whereas this increases up to almost
400% at 50° (Sarmiento, 1986). In the tropics, taly temperature amplitutde is
generally larger in comparison to the seasonalatiari. For tropical regions under the
influence of the movement of the Intertropical Cergence Zone (ITCZ), the seasonal
rainfall pattern is also driven by the passagehef $un (Sarmiento, 1986). The annual
rainfall pattern influences the temperature regimehe dry season, cloudiness is low and
dry atmospheric conditions lead to high day and haght temperatures. While in the rain
season, daily temperature fluctuation is generhilyer due to increased cloudiness
limiting solar radiation during the day and highatere humidity during the night limiting
coldness by longwave outgoing radiation (Sarmie@@86). Of primary importance for
the mountain climate are altitudinal differences pressure and density decrease with
increasing altitude. Vapor pressure is importarmahbse it reduces the infrared and solar
radiation, influences the saturation deficit andersely the total air density, which causes
reduced temperatures. The decrease of temperatithe hgight is defined as the
environmental lapse rate, i.e. 6°C perkin the free atmosphere (Barry, 2008). Beside
altitude, the mountain climate is also stronglyluehced by the topography. Slope and
aspect cause spatial contrasts in solar radiatemperature and precipitation regimes
(Barry, 2008). In addition, the vegetation coves laastrong influence on microclimate
conditions. The vegetation cover modifies the Hedénce received by the land surface,
indirectly through the obstruction of incoming amatgoing radiation and directly through
modification of humidity and temperature (Hertetaesche, 2008).

In general, differences in heat deficiency caudeigher treeline in the subtropical
mountains and a decrease of the treeline towarmledhator and to higher latitudes. The
treeline elevation can, however, not only be aited to differences in thermal
conditions. Precipitation can also act as a ctitioaiting factor in semi-arid areas
(Holtmeier, 2009). Air and soil temperature andcyp#ation and cloudiness are key
climate factors for tree growth at the treelinevat®n in the tropics (Chapter 2). The
control mechanisms of tree growth at the Africaipical treeline are however, still poorly
understood (Korner and Hoch, 2006; Korner, 1998;tisrat al., 2003; Tranquillini,
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1979). Climate mechanisms for tree growth are modely studied at the treeline in the
tropical Andes (Bader, 2007; Bendix and Rafigpo2001; Cavieres et al., 2000;
Ellenberg, 1996; Sarmiento and Frolich, 2002). e tropical highlands of South
America excess solar radiation, low night tempeest@and soil temperature are important
climatic factors controlling tree growth at theedliae, besides fires (Bader, 2007).

However, there is still uncertainty about the digi® effects of soil, air, average and
extreme temperatures on limiting tree growth at tileeline (Korner and Hoch, 2006;
Korner, 1998). In general, the average air tempesa@t the treeline is found to
correspond with approximately 6-8°C outside theitt® and around 5°C in the tropics
(Korner, 2012). The soil temperature within thetinog zone is decisive for plant growth
and survival. Tree seedlings commonly root in thmar 10 to 20 cm of the soil
(Holtmeier, 2009). Low soil temperatures shortee tjrowing season and impede
important process in the plant (e.g. photosynthesi®t respiration, root growth,
decomposition, nutrient uptake). Soil temperatueereases with elevation, but with a
lower rate than air temperature. As a result, fieenhal gradient between the soil surface
and air temperature increases with elevation. o aoith this, low growth is observed in
the upper treeline ecotone (Holtmeier, 2009). Tgemwvth at the treeline is found to be
correlated with a mean soil temperature at -10 €6.°C + 0.7°C during the growing
season or 6.7°C = 0.8°C all year round in the t®Hoch and Korner, 2003; Holtmeier,
2009). The complex climate of the Ethiopian highlsns characterized by unreliable
seasonal rainfall (Chapter 7). Rainfall is mainlgpdndent on the movement of the
Intertropical Convergence Zone (ITCZ) (Ogallo, 1988rom June to September this
ITCZ is in its most northern position inducing tfen season responsible for 65-95% of
the total annual rainfall (Segele and Lamb, 200%g rain season is followed by a long
period of drought from October to February. The airthis chapter is to understand what
factors are impeding rainfall, air, ground and semperature in tropical mountains, based
on a detail study in the North Ethiopian highlarasj] to disentangle the complex relation
between the mountain climate and the afro-alpieelitne elevation.

8.2 Method

8.2.1 Study area

The study area consists of three mountain rangdseirNorth Ethiopian highlands. The
Simen Mts., home to the highest peak of Ethiopias(Pejen Mt., 13°16’N, 38°24’E,
4540 m a.s.l.); Lib Amba Mt. (12°04'N, 39°22'E, 3 a.s.l.) of the Abune Yosef Mts.;
and Ferrah Amba Mt. (12°52’'N, 39°30’E, 3939 m a.s(Figure 8.1). The mountain
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climate of the Simen massif is described by Hurnd &tahli (1982) based on a
meteorological station in Gich camp at 3600 m .afs$imilar baseline study is missing
for the other mountain areas. For the Abune Yosefintain range meteorological data
are collected by the National Meteorological Age(liA) in Lalibela (at 2447 m a.s.l.)
and in Muja (at 2800 m a.s.l., only rainfall), féerrah Amba this is in Maychew (at 2408
m a.s.l.) and Adishiho (at 2489 m a.s.l., only faip and for Simen in Debark (at 2855 m
a.s.l.). Meteorological data for areas above 25005 rthus limited outside the Simen
Mountains and even for the Simen Mountains ther@ifong-term data collection above
3000 m. The afro-alpine treeline vegetation at tHisvation is dominated bftrica
arborea When left unburntErica grows to tree-size at this elevation, even on \biy
soils (Egziabher, 1988).
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Figure 8.1 Location of the study area with locasi@i the meteorological station indicated

with blue dots

8.2.2 Data collection

For this study, 10 basic meteorological stationsewiastalled along the

slopes of the

mountain study sites (Figure 8.2). In these statitt,e minimum and maximum air

temperature and rainfall were measured (Figure 8BAn a daily basis from March

2012 to October 2014. In Ferrah Amba five statimese installed: three at the southern
slope in Maychew (2408 m a.s.l.), Bolago (2975 ml.a.and Godagudi (3477 m a.s.l.)
and two at the northern slope in AdiShiho (2489.ml.3 and Gedged (3393 m a.s.l.). In
Lib Amba two stations were installed at the nonthglope in Meshena (3471 m a.s.l.) and
above Meshena at 3641 m a.s.l. and one statioringtdled 10 km southwards in Dilb
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(3268 m a.s.l.). In the Simen Mountains two statiamere installed, one in Debark (2855
m a.s.l.) and one in Seketate (3660 m a.s.l.), kewdata collection in Seketate failed.
The stations in Maychew, Adishiho, Dilb and Debarre installed near the location of
an NMA station for sake of calibration.
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Figure 8.2 Schematic representation of the didiobuof the meteorological stations and soll
temperature loggers on a profile of the mountainHarrah Amba and (b) Lib
Amba

Figure 8.3 (A) Rain gauge in Gedged, (B) Stepherswaen with a min-max thermometer
inside in Godagudi and (C) soil temperature logdieed to a pvc tube at the top
(-2 cm) and 10 cm lower (-12 cm), ready for instidin in the soil.

The variation of the climate factors with altitude important since it sets the tree
growth and thus treeline limit. Therefore, emphasigiven to the altitudinal gradient of
air and soil temperature and rainfall variabilifyor illustration of this gradient with
elevation, the explanatory variable elevation iggion the y-axis of scatterplot graphs.

In addition, soil temperature loggers (Figure 8.3@Yye installed along the mountain
slopes at ground level (-2 cm) and at -12 cm. Tdygérs were distributed on vertical
transects crossing the afro-alpine grassland andgper forest (Figure 8.2). Two types of
loggers were used: iButtons DS1922L (Thermodata [Rty) and HOBO U23-series
(Onset Computer corporation). In deep boreholdstamiperature loggers are commonly
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installed inside a plastic tube (e.g. Johanssal. €2011). In this study, a similar plastic
tube was used, but the loggers were fixed on thsidrito keep them in direct contact
with the soil. The iButtons were programmed to rddemperature every 2h24min, which
corresponds to 10 records a day; the HOBOs measemgukrature at a one hour interval.
These loggers collected soil temperature data gume year, from September 2013 until
August 2014.

8.3 Results

The average (2012-2014) rainfall and temperatuta dathe meteorological stations are
visualized in ombrothermic diagrams (Figure 8.4irfall is mainly concentrated in July-

August (peak of the rain season) and is very lamfiOctober to February (dry season)
for all stations. Annual rainfall in Debark is mutigher in comparison to the other
stations. The air temperature is relatively stahl®ughout the year and does not drop
below zero for all stations.
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Figure 8.4 Ombrothermic diagrams of the meteoraclmgstations for the average monthly
rainfall and temperature (2012-2014). P: PerioditRnhean total annual rainfall;
MTmax: mean maximum temperature; MTmin: mean mimmitamperature.
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8.3.1 Validation

A linear regression through the origin (0,0) wasduso verify rainfall measurements in
the meteorological stations using parallel rainfiadasurements from the NMA stations in
the direct vicinity (<1 km) (Chapter 7). The validea is limited due to the short period of
overlapping measurements in combination with mgsialues in the NMA dataset. This
is especially the case for the NMA station in Diitr, which there are only four months of
rainfall data available in 2013. Overall, the ralhimeasurements fit well with the NMA
measurements, the R2 is respectively 0.88, 0.92 and 0.98 for Maychew, Adishiho,
Dilb and Debark (Table 8.1). This indicates thatadeollection in the meteorological
stations was well performed and that the rainfatbdcan be used for further analysis. In
Debark the measurements are close to the line déqieagreement (1:1), whereas in
Adishiho and Dilb rainfall is higher than in the MVstation and in Maychew rainfall is
lower. These local differences are caused by tls@tipo of the station. For example, the
station in Adishiho is located at the slope, wherd®e NMA station is located in the
valley bottom.

Table 8.1 Rainfall calibration between the stationeasurements and the NMA
measurements

2012 2013 2012-2013 Regression equation NMA data

Maychew 0.95 0.89 0.88 % =0.81 Rua 1992-2013
Adishiho 0.94 ND* ND Ris =1.60 Rua 1955-59,63,65,66,98-2006,
2008,2012
Dilb ND 0.92 ND Ris =1.39 Rva 2011, 2013(4)
Debark 0.96 1 0.98 Rs =1.07 Rua 1980-83,85,87-88,92-2013
*ND: No Data

The NMA data were used to analyze the inter-an(iL@92-2013) rainfall variability
for the study area. In order to compare the vdrtglof the different stations, the annual
rainfall was normalized using z-scores of rainfalbmaly (Wu et al., 2001) (Figure 8.5).
Because the data for Dilb is very scarce, the NNBtien of Lalibela was added to the
long term comparison. Most stations indicate a lothan average rainfall in the period
2012-2013. Exception is the higher than averagdathin 2013 for Lalibela. The 5-year
average trendline is given for the Maychew statidms trendline indicates that the period
of measurements correspond with a period of deedeasnfall.

205



Chapter 8

4 m MAYCHEW
3 m ADISHIHO
LALIBELA
= 2 DEBARK
>
o 1 -
g
g ‘
; 0 'w I I
S -1
£
)
el
S 3
S 3
1
©
T 4
=
(]
509 % % % 0% % 0% oy %y BB
I Id () R [#4 L I [\ [ [# 0

Figure 8.5 Standardized annual long-term rainfadimalies for Maychew and Debark (1992-
2013), Lalibela (1997-2013) and Adishiho (1998-2012he 5-year average
trendline is given for Maychew. The period corregiiog with the meteorological
measurements in the field stations (2012-2013)dgated with a square.

8.3.2 Rainfall variability

Rainfall in the study area follows a bimodal ralhfattern with a very unreliable azmera
rainy season (in March-May) preceding the mainrkireain season (in June-September)
(Figure 8.6). Lib Amba receives on average 52% nraiefall during the kiremt rain
season and approximately 300 mm more rainfall dhnua

450 -+

LA: 1028 mm year?
FA: 733 mmyear?

Precipitation (mm)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 8.6 Average rainfall for Lib Amba (grey) aRdrrah Amba (white) (2012-2014). Both
study areas have an unreliable short rainy seastwebn March and June (azmera
season), followed by the main rain season (kireeassn) between June and
September.

206



Part 3

Mean annual rainfall is highest for Debark with @2%m, of which 85% falls in the
kiremt season (Table 8.2). Average annual raifiabunts in Meshena and Dilb are also
above 1000 mm, but these stations are locatedghiehielevations. In Lib Amba the
difference in annual rainfall between the northand southern side is small. Remarkably,
rainfall in the upper stations is lower than at lineer stations. Rainfall tends to decrease
with elevation near the top of Lib Amba, but moegalis needed to confirm this pattern.
Whereas annual rainfall in Ferrah Amba is highethensouthern slope and only slightly
(35 mm) lower in the upper station of Godagudi (B47@) in comparison to the lower
station of Bolago (2975 m). The coefficient of aion (CV) is small for kiremt rainfall
in most stations, except in Maychew. However the i8vVmuch higher in the azmera
season, indicating the unreliable nature of thisyrgeason in March-May. The vertical
distribution of the average annual rainfall withitable was analyzed using a linear
regression (Figure 8.7). Rainfall tends to increagh elevation between 2000 and 3500
m a.s.l., but this relation is not significant (R228; p>0.05).

Table 8.2 Rainfall data

Simen Ferrah Amba Lib Amba

DE AD GE GO BO MA ME LA DI

Slope aspect SE N N S S S N N S
Elevation (m a.s.l.) 2855 2489 3393 3477 2975 2408 3471 3641 3268

MRannuai(Mmm) 1256 633 684 814 849 654 | 1095 785 1061
CV(2012-2014)nual 0.14| 0.15 0.11 0.28 0.17 040, 005 0.11 0.09
MRiremt (Mm) 1063 501 521 517 534 462 885 592 787
CV(2012-2014)emt 0.16| 0.12 0.09 043 0.15 050 011 014 0.15
MR azmers(Mm) 114 103 140 195 238 64 184 198 182

CV(2012-2014),mera;, 0.33] 056 030 0.19 0.030 0.90| 0.30 0.40 040

MR: Mean rainfall; CV: Coefficient of Variation; DBDebark; AD: Adishiho; GE: Gedged; GO: Godagudd:B
Bolago; MA: Maychew; ME: Meshena; LA: Lib Amba; DDilb; Slope aspect N: North, S: South, SE:
Southeast
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Figure 8.7 Vertical distribution of average annuahfall (2012-2014) (R) with increasing
elevation (A). Ferrah Amba stations in dark blud Amba stations in light blue
and Debark station in red (excluded from the resjoes.

8.3.3 Air temperature

The air temperature was relatively stable througioel year, while the daily temperature
fluctuation was relatively high (Figure 8.4). Thaffetence between the average
maximum and minimum temperature is 10°C or moree Bkasonal variation in air
temperature is higher in the lower stations. THéedince between the average coldest
month and the warmest month is 5.7°C in Maychew redee this is only 3.3°C in
Godagudi (Figure 8.8). The inter-annual variabibfythe mean minimum and maximum
air temperature (expressed by the standard dem)aBaalso higher for the lower stations
(Figure 8.8). The maximum temperature is more Wégian the rain season, while the
minimum temperature is more variable in the dryseaa Maximum temperature in the
lower station of Maychew peaks at the onset of iled season in June. The diurnal
difference between maximum and minimum temperatii@so higher in the stations at
lower elevations. Air temperature variability dexses with elevation. At the upper station
of Godagudi the seasonal and inter-annual variabbnminimum and maximum
temperature is very small.
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Figure 8.8 Mean monthly minimum (blue) and maximued) temperatures for three stations
at Ferrah Amba with different elevations: (a) Magweh (b) Bolago and (c)
Godagudi.

The vertical distribution of air temperature is aykfactor controlling the treeline
elevation (Chapter 2; Harsch et al., 2009; HoltmeR009; Korner, 1998). A linear
regression was used to derive the environmentalelapte for the average minimum,
average and average maximum temperatures. Air tr@tpe and elevation are strongly
correlated (with an R2 of 0.84, 0.88 and 0.86 fespectively minimum, average and
maximum temperature). The temperature gradient gtghation is 0.72°C per 100 m for
the average temperature, while the minimum temperadecreases slower with 0.50°C
per 100 m and the maximum temperature faster wBB°C per 100 m (Figure 8.9). At
higher elevations, the trendlines converge, configithe observed lower variability with
increasing elevations. The average temperatures legie in the rain season (0.81°C per
100 m) is higher in comparison to the dry seas@name lapse rate (0.63°C per 100 m).
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Figure 8.9 Vertical distribution of the minimum (lel), average (grey) and maximum (red) air
temperature in the North Ethiopian mountains, wemperature gradients. The
elevation of some mountain peaks is indicated.

8.3.4 Soil temperature

In total 28% of the soil temperature loggers faildde to technical failures or loss. We
recovered the data of 27 loggers that measuredrn@r8urface Temperature (GST) at -2
cm and 24 loggers for Soil Temperature (ST) atc® evenly distributed between Lib
Amba and Ferrah Amba (Figure 8.10).
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Figure 8.10 Distribution of the temperature loggeith indication of average temperature:
(A) ST Lib Amba, (B) GST Lib Amba, (C) ST Ferrah Amand (D) GST Ferrah
Amba

The seasonal variation of the GST and ST is giveRigure 8.11, for Lib Amba and
Ferrah Amba respectively. In Lib Amba the soil temgiure (GST and ST) is highest in
March and in June at the beginning of the rain @eaghen the noon sun is overhead
(Figure 8.11). Between March, and June there igpandthe soil temperature associated
with increased cloud cover during the azmera raassn. This azmera effect is missing in
Ferrah Amba, the soil temperature peaks in Aprd dacreases afterwards. In Lib Amba
the annual variability of the soil temperature (G&8W ST) is higher, i.e. 2.6°C higher for
the GST and 1.5°C higher for the ST. In both staddas, the variation of the ST is lower
in comparison to the GST. During periods of reduG&IT, the ST rises higher than the
GST. This indicates that the ST is buffered by #od from fluctuations in surface
heating.
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Figure 8.11 Seasonal variation of soil temperatG®T and ST) for (A) Lib Amba 25 loggers
located between 3600 — 3900 m and (B) Ferrah Andblaggers located between
3300 — 3900 m

The diurnal and seasonal fluctuation of the ST ilm Amba is shown in a thermo-
isopleth diagram (Figure 8.12). For this therm@lsth diagram the average of four non-
forested loggers at the treeline elevation in Limk&a (approx. 3700 m a.s.l.) are used.
The seasonal differences in the soil temperatueenaore important than the diurnal
differences. The coldest soil temperature is foahdlO am all year round, while the
warmest soil temperature is found at 18 pm. Them®a variation of the soil temperature
at 10 am is 6°C and at 18 pm this is 7°C throughtioeityear. While the daily temperature,
varies with 3.5°C in June and only 2°C in Decemiggverall, the soil temperature is
almost 60% of the time above 10°C or more.
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Figure 8.12 Thermo-isopleth diagram of soil tenapare (-12 cm) at the treeline elevation
(approx. 3700 m a.s.l.) in Lib Amba
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Vegetation cover and forest cover in particular enaar strong effect on the soll
temperature. The average difference between faresté non-forested areas in Lib Amba
is 1.8°C for ST and 1.6°C for GST (Figure 8.13).pdarticular, the increased surface

heating in April-June is less expressed in thesaveaer forest.
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Figure 8.13 A comparison of soil temperature betwirested and non-forested areas for (A)
GST Lib Amba and (B) ST Lib Amba. Only soil tempera loggers with a
similar exposition and slope are used. GST: 2 fard 3 non-forest loggers; ST:
2 forest and 4 non-forest loggers.

The spatial distribution of soil temperature in #tedy areas is complex and unlike air
temperature, it does not show a simple decreasamgl twith elevation (R? <0.03 for both
GST and ST). Therefore, the additional parametienses aspect and vegetation buffer
capacity were investigated. A coefficient for thexeived radiation in function of the
position of the loggers on the slope and the imtidengle of the sun is based on an
adaptation of the equation for the hydrologicahfai (Fourcade, 1942).

Ecor=1+tana X tanf X cos(za — zf) (1)

Where: E,, is a correction factor for the energy receivea gliven locationp is the
local inclination of the ground surface at thatrpaielative to the horizontal (i.e. slope
gradient in deg.)p is the inclination of the sun relative to the &k, zo is the aspect of
the ground surface at that point (°); arfilig the direction from which the radiation is
received (°). The direction of the radiation is glified by taking the position of the sun at
noon. This correction factor for incoming radiatisrsignificant in relation to average ST
during winter in Lib Amba (Table 8.3, Figure 8.14).
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Table 8.3 Strength of the relation between soilgerature (-12 cm) and incoming radiation
for different periods of the year

Date Beta-LA Beta-FA Z-beta (sun R2 (ST vs Eor)
azimuth at noon) LA FA

21 March 12.35 13.16 148.5 0.08 0.05
21 June -11.35 -10.57 172.12 0.003 0.22
21 September 12.75 13.50 161.71 0.0001 0.20
21 December 35.52 36.30 26.67 0.73 0.01
Summer * * * 0.23 0.21
Winter * ** * 0.72 0.003

* 21 June; ** 21 December
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Figure 8.14 Correction factor for incoming radativersus mean ST for (A) winter in Lib
Amba and (B) summer in Ferrah Amba.

Beside incoming radiation, vegetation also playsritical role as shown by the
differences in ST and GST between forested andfo@sted areas. The mean soil
temperature (GST and ST) decreases with increasiggtation cover (Figure 8.15). This
relation is stronger under higher vegetation caseobserved in Lib Amba (GST R2z0.44
and ST Rz 0.78).
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Figure 8.15 Effect of vegetation cover on mean wnperature (A) GST and (B) ST. The
trendline and equation are given for all data. Ailmba points are squares and
Ferrah Amba points are triangles.

These explanatory variables for the spatial distidm of soil temperature, incoming
radiation and vegetation cover, in combination vattitude are evaluated in a multiple
linear regression model. The spatial variation ofisLib Amba is for 70% explained by
the radiation correction factor in the winter ammd 60% by the vegetation cover in the
summer, whereas elevation is not significant adaénxipg factor (eq. 2 and 3). In Ferrah
Amba none of the variables are significant in exphg the spatial distribution of the soil
temperature (GST and ST).

STsummer = 1122.046 —3.712 X V (Rz 0.59; P<0.05) (2)

STyinter = 2635.079 — 15.58 x Ewinter (R2:(,70; P<0.05) (3)

With: ST the soil temperature at -12 cmg£a correction for the energy received and
V the percentage vegetation cover.

In Table 8.4, the average soil temperature (-12 emlib Amba is given for three
different belts of the afro-alpine vegetation: theca forest, the treeline and the afro-
alpine grassland. As stated earlier, the averagpdeature is lower in the forest. Above
the forest the average soil temperature decreasle®l@vation in Lib Amba (with 0.5°C
between the treeline at 3700 m and the grasslarRB08 m).
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Table 8.4 Soil temperature (-12 cm) in Lib Ambatluee vegetation belts

Day and night Altitude Loggers
(°C)* (ma.s.l.)
Erica forest 8.12+1.5 3600 2
Treeline 9.77+24 3700
Afro-alpine grassland 9.28+2.3 3800 2

* Soil temperature (-12 cm)

8.4 Discussion

8.4.1 Mountain microclimate

Altitude is the most fundamental characteristiecnmfuntain climates, because atmospheric
density, pressure and temperature decrease wighthei the troposphere. Due to the
lower heat capacity of the atmosphere at highefagilens, the diurnal and annual range of
temperature decreases (Beniston, 2006). This © @lserved in the study area. The
seasonal effect and the inter-monthly and diurraliability of the air temperature
decreases with elevation (Figure 8.9). The lowerayge temperature lapse rate in the dry
season (0.63°C per 100 m) is caused by radiatigkngpduring the Northern hemisphere
winter (Kattel et al., 2013). Decreased soil temapaes from May to September are the
result of the increased cloud cover during the sgiason, which reduces surface heating.
In addition, decreasing temperatures remove heat fhe soil, further reducing the soil
temperature. By November the southward movemenh®fnoon sun reduces surfaces
heating (Geiger et al., 2003). The seasonal vditialoif the soil temperature indicates a
strong warming in the summer due to the northepeetsof the slope (Figure 8.12). A
similar seasonal trend of the soil temperaturebiseoved in Pico de Orizaba in Mexico
(Korner, 2012). The soil temperature is indicatedbe lower under forested areas, a
difference of 1.8°C for the ST and 1.6°C for theTGS found in the study area. This
vegetation effect on soil temperature is also olesem the tropical Andes by Bader et al.
(2007). This difference is related to the radiatregime. On clear days the unforested
areas strongly warm during the day and stronglyl dooing the night due to radiation
(Bader et al., 2007). Whereas closed tree can@pidse forest create cooler soils with a
reduced soil heat flux due to shading effects whmpair root activity (Bendix and
Rafigpoor, 2001). The temperature difference betw&ee-sheltered and non-shaded
surfaces can be up to 4°C (Miehe and Miehe, 19B4i} interaction between vegetation

217



Chapter 8

and its environment causes a positive feedback amesim, sheltering tree seedlings
against diurnal soil temperature variability (Baééml., 2007). The complex behavior of
the soil temperature is potentially due to the maraltitudinal range considered in this
study. In addition, the complex topography of Ferfemba further disturbs the spatial
soil temperature patterns.

Higher rainfall amounts are observed in Debarkamparison to rainfall in Lib Amba
and Ferrah Amba. Likewise, rainfall amounts in $imen Mountains (1515 mm yéaat
3600 m in Gich) (Hurni & Stahli 1982) are higheathin Lib Amba (1028 mm yeay and
Ferrah Amba (733 mm yedt The tendency of increasing rainfall with elesatbetween
2400 and 3600 m a.s.l., although not significa;iniagreement with the description by
Hurni & Stahli (1982) for the Simen Mts. Enhancedgraphic rainfall is potentially
responsible for an increase in rainfall with elémat however other parameters are proven
more important than elevation in explaining the tighadistribution of rainfall. This
absence of a significant relation with elevatioraliso confirmed by the observations of
Chapter 7 for Tigray. Spatial variability of raitifan northeastern Ethiopia, is mainly
determined by the northwards movement of the 1TOgallo, 1989). Lib Amba is located
south of Ferrah Amba and subsequently receives raorll due to the movement of the
ITCZ. However, the Simen Mountains are located nmaghwards and still receive more
total annual rainfall. This is due to the 1000-mekegh escarpment with rainfall
advectively brought by trade winds over the escamnedge (Hurni and Stahli, 1982).
Unreliable rainfall patterns in the azmera seasenassociated with unstable moist air
masses irregularly carried by eastern winds overltidian Ocean to eastern Ethiopia
(Chapter 7).

8.4.2 Impact of the mountain microclimate on the treeline

The vertical distribution of climate factors witkeeation forms an important determinant
for the limit of tree growth (Smith et al., 2008)pr this reason, the observed and expected
trends of air temperature and rainfall with altéuake combined in one graph. The effect
of altitude on the soil temperature is influenceg \egetation cover and incoming
radiation. If all data is considered, there is mgniicant link with elevation for the
observations. But if only the data above the forestib Amba is considered, average soil
temperature tends to decrease with elevation (Odgt@een 3700 and 3800 m). At the
treeline elevation, soil temperatures are not ebgaeto limit tree growth in the study area,
since average soil temperatures (ST) of more tli@na®e observed. It is only at approx.
4100 m that the minimum mean soil temperature énrdot zone (at -10 cm) of 6.7°C +
0.8°C (Hoch and Kdorner, 2003) is reached (Figui®)¥.based on the 0.5°C per 100 m
trend as observed in Lib Amba. However, more soiigerature data, along a much wider
altitudinal range, is needed to validate this hizgptital trend.
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The use of average soil temperatures for identifyire tree growth limit is questioned
by Bader et al. (2007), because soil temperatut@glker in the grasslands above the
forest. This is in line with the results of thizidy and also observed in several other
tropical studies (Bader et al.,, 2007; Bendix andidqpaor, 2001; Miehe and Miehe,
1994). High daily temperature differences, causebbW night temperatures and followed
by strong solar radiation during the day, are iatid as a potential explanatory variable
for the treeline (Bader et al., 2007). These diudiféerences are higher above the forest
at higher elevations, which indicates the imporgaatthe positive feedback mechanism
of the forest. However, treeline elevations in $imen Mts. up to 4000 m a.s.l. (Chapter
6) indicate that this effect is not yet limitingtime study area.

Annual precipitation tends to rise with altitudé&haugh this relation is not significant.
The effect of increased rainfall on tree growtlpagentially twofold. A positive relation
between tree growth and increased precipitatiavbgerved in the subtropical mountains
of Northwestern Argentina (Morales et al., 2004)this study water stress impedes tree
growth, this is in line with findings by Korner (28) and Wieser and Tausz (2007). But,
this is in contrast with the negative effect ofremsing rainfall and cloudiness due to
reduced solar radiation described by Smith & Yo(t@87). A negative relation between
rainfall and tree growth is observed in the humiduntain rainforests of southern
Ecuador by Brauning et al. (2009). At the highdstuale, near the peak, rainfall is
expected to decrease again as observed in theMBalatains (Miehe and Miehe, 1994).
Such drier conditions at the summit elevation dse abserved in Lib Amba Mt. Global
climate models predict wetter conditions for Eafiica under global warming (Chandler
et al., 2005). Increased rainfall amounts are xpeeted to limit tree growth in Ferrah
Amba and Lib Amba, because higher treeline elematiare observed in the Simen
Mountains under wetter conditions.

Air temperature is, in contrast to soil temperatwteongly related with altitude. The
mean air temperature decreases with 0.72°C peml@® the study area. The expected
treeline elevation corresponds with a mean air tatpre of 5°C in the tropics.
According to the observed environmental lapse oatair temperature in the study area,
this mean temperature of 5°C corresponds with aentiai treeline elevation at
approximately 4100 m a.s.l. This corresponds withlower limit of the potential climatic
treeline based on the observed trend of soil teatper with elevation. The current
treeline at 3700 m a.s.l. is thus located 400 nowelts potential climatic limit
(Figure 8.16). This potential theoretical treelimgit can be expected for tree growth in
the Simen Mountains. Evidence of a treeline uplifhe Simen Mts. up to 4000 m a.s.l. is
given by Hurni (2005) and in Chapter 6. But a samtreeline rise is not expected for the
mountains of Ferrah Amba and Lib Amba because thege slightly below 4000 m a.s.I.
and because the summit effect depresses the traedisr the summit. The summit effect
is the result of strong winds and loss of substattéhe summit (Kdrner, 2012). In
temperate regions, forceful westerlies at high aiens can depress the treeline with

219



Chapter 8

several hundred meters (Korner, 2012). However,etowind speeds in the tropics
strongly limit the summit effect. These effectsredacannot explain the 400 m difference
with the potential climatic limit.

According to the National Adaptation Plan of ActipWAPA) of Ethiopia, temperature
increased by 0.37°C per decade in the period 1995-2Tadege, 2007). Climate
projections for Ethiopia by the Intergovernmentan® on Climate Change project a
further temperature rise (compared to the 1961-I88tal) between 0.9-1.1°C by 2030
and 2.7-3.4°C by 2080 (IPCC, 2007). The potenffaice of an air temperature increase of
1°C on the treeline elevation is projected in Fg8rl6 and corresponds with an increase
in altitude by approximately 150 m.
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Figure 8.16 Altitudinal gradient of air temperaured), average soil temperature at 100 m
interval (orange) and rainfall (blue). With indiat of the potential treeline limit
corresponding with a mean air temperature of 5%d @rrows) and a mean soil
temperature of 6.7+0.8°C (orange arrow and lind$le potential effect of an
increase of the air temperature with 1°C at thelime elevation is indicated in

grey.
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8.5 Conclusion

Climate is a key factor regulating tree growth kytiag limitations for tree survival, for
species composition and stand characteristics. eTlhey characteristics of mountain
climates were studied in the North Ethiopian higldk, i.e. rainfall variability, air and soill
temperature. Rainfall follows a bimodal rainfalltjean with an unreliable small rain
season preceding the main rain season. The tatabarainfall is higher for the southern
highlands. There is no significant relation of amnuainfall with elevation, while in
contrast air temperature is strongly related taualé. The seasonal variation, inter-
monthly variation and diurnal differences of aimfgerature decrease with elevation. The
average environmental lapse rate of air temperasuder2°C per 100 m. Soil temperature
peaks in March-June when the noon sun is overheaddacreases afterwards with
increased cloud cover in the rain season. The diwariability of the soil temperature is
lower than the seasonal difference. The coldestewmiperature is found at 10 am and the
warmest at 18 pm. The spatial distribution of tb@g ®emperature is partly explained by
the incoming radiation, the vegetation cover anel ¢tevation for Lib Amba Mt. The
buffer effect of forest cover is in particular intpant, the soil temperature at -12 cm for
areas under forest are on average 1.8°C coldereTikeno significant relation between
soil temperature and altitude. However, the posifeedback mechanism of the forest is
important in sheltering against high diurnal fluations of the soil temperature at higher
elevations. The current treeline is depressed ba®potential climatic limit by 400 m.
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Chapter 9 The response otrica arborea tree
growth to climate variability in the afro-alpine
tropical highlands of North Ethiopia
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Abstract

226

The important ecosystem services of the high dkitiropical afro-alpine
Erica arborea forests are under increasing environmental and amum
pressure. Thetrica treeline ecotone in the Ethiopian highlands forans
temperature-responsive vegetation boundary, paignaffected by climate
change. The cambium of tdfrica arboreatrees in Lib Amba Mt. in the
North Ethiopian highlands was marked in 2012 andesponding tree disks
sampled after 498 days. Microphotographs of thasebcal marks confirmed
the formation of annual growth rings (0.76+£0.24 mwijh higher vessel
density in earlywood and radially flattened fibeénsthe last layers of the
latewood. In-continuum measurements of vessel simd density on
microphotographs indicated the formation of Interwaal Density
Fluctuations (IADFs) related with early rainfall March-May. The same
stem disks and 40 increment cores were used failel@tree-ring analyses: a
tree-ring chronology with 18 trees spanning fron6@.90 2014 could be
derived. A significant (p < 0.1) positive corretati with minimum
temperature in the growing season (August) andgatne correlation with
minimum temperature in the azmera season (Marcin¢ weoven to be the
most important climate factors regulating tree growf Erica trees in the
afro-alpine forest. The existence of annual traggiand the proven potential
for chronology building encourages further treegrianalyses ofErica
arboreain the afro-alpine tropical highlands in orderlittk it with climate
variability and climate change.

Keywords: Erica arborega Cambial Marks; Dendrochronology; IADFs;
Precipitation; Minimum temperature; Vessel chanasties
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9.1 Introduction

Tree rings can contain valuable information on lineg-term tree memory and forest
history, as influenced by biotic and environmetidgaitors (Rossi and Deslauriers, 2007).
This linkage between tree rings and environmentattors (e.g., temperature,
precipitation) provides a good opportunity to estien retrospectively environmental
dynamics (De Micco et al.,, 2014), which may helputtderstand forest dynamics in
relationship to their controls.

Dendrochronological studies are recently increasiegond the borders of temperate
and boreal regions (Wils et al., 2010b). Annualvwgtorings have been identified on a
number of species in the tropics and have parttiedra lively debate about the existence
of annual tree rings in the tropical regions (Wari2002; Trouet et al., 2010; De Ridder
et al., 2013). Tree rings in the temperate anddlarene are typically formed by intra-
annual temperature and light fluctuations. Becaesgperature variations in the tropics
are relatively small, tree rings in these regions potentially formed by intra-annual
rainfall variability (Worbes, 2002). However, lesdrictly defined cycles in water
availability can cause non-annual tree rings (Wi<sal., 2010b). This still causes major
challenges for dendrochronological studies in thetbpics (Wils et al., 2010b). Within
the European context, similar challenges are ertecemh in the Mediterranean region
were summer drought and winter rain patterns a®reliable (Cherubini et al., 2003).

Due to the occurrence of indistinct growth rings aimg anomalies, tree-ring studies in
the tropics and especially in Africa south of theh&a remain scarce (Worbes, 2002).
However, in recent decades reliable climate-sesmsitiee-ring chronologies have been
developed for western Africa (Worbes et al., 2088hdngart et al., 2006) and Ethiopia
(Couralet et al., 2005; Gebrekirstos et al., 2088) drought-sensitive chronologies were
indicated in Zambia (Trouet et al., 2006), Namifiahtler et al., 2004) and Zimbabwe
(Therrell et al., 2006).

In the semi-arid savanna lowlands of Ethiopiang-width chronology of 68 years was
developed based oAcacia tree-ring measurements (Gebrekirstos et al., 200Bjs
chronology has strong positive correlations witlkegypitation data, which indicates the
annual formation of tree rings (Stahle, 1999).| Stiée-ring formation is proven complex
as parts of the stem disks and wood increment duadsto be discarded due to missing
rings (Gebrekirstos et al., 2008). Tree-ring chiog®es of Juniperus proceran the
Ethiopian highlands were established with varyiesutts (Wils et al., 2010a). The annual
tree rings are disturbed due to high inter- anchtiannual rainfall variability. Four typical
tree-ring types have been identified by Wils e{2010a): indistinct rings, multiple rings,
annual rings and multiple missing rings dependemttloe rainfall regime and tree
sensitivity to water availability.
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At present, little is known about tree-ring fornaatiin the afro-alpinderica arborea
forests of Ethiopia, although these mountain f@r@sbvide important ecosystem services
(Miehe and Miehe, 1994; Aerts et al., 2002; Nysseal., 2004). The University of East
Anglia did a dendrochronological study Bfica arboreatree samples in 1996, with as
conclusion thakrica trees in the North Ethiopian highlands only haveréed potential
for dendrochronological research (Conway et al97)9 However,Erica arboreatree
samples show a moderately good visibility of growtbundaries (Kaeppeli, 1998).
Therefore, Kaeppeli (1998) conducted a detailedddsrhronolgical analysis dErica
arborea trees in the North Ethiopian highlands and conetudhat distinctness of the
Erica arboreatree-ring boundaries varied within the tree andvieen individual trees.
There were trees with high probability of annuaktring formation, but there were also
indistinct boundaries or extremely small tree rirffgaeppeli, 1998). The hypothesis of
Kaeppeli (1998) is that rainfall outside the ragason can be held responsible for Inter-
Annual Density Fluctuations (IADFs) (since dormantgy drought induced). Age
determination is therefore difficult, but approximaages can be derived which are
sufficient to study treeline shift (Kaeppeli, 1998)eeline shift was studied by Paulsen et
al. (2000) by measuring tree height and tree agle wcreasing elevation and found that
the potential oErica arboreafor dendroclimatology is limited, due to eccenwgiowth,
partly indistinct ring boundaries and high humarpatt. Similar difficulties were found
in Erica shrub tree-ring studies in the Mediterranean megi@&ea-lzquierdo et al., 2013).
Erica arboreashrubs in the Mediterranean have proven to formH#& in response to site-
specific water stress (Battipaglia et al., 2014)e Tomplex tree-growth pattern Bfica
trees at the treeline ecotone in the North Ethiogiaghlands forms the subject of this
paper. The aim is to gain improved understandinigesf growth oErica arboreatrees in
the North Ethiopian highlands; i.e. (i) understamgdiree-ring formation and the link with
climate variables, (ii) understanding the relatlmetween tree growth, the presence and
origin of IADFs and climate and (iii) deriving thferest gradient of tree height with
elevation.

9.2 Materials and methods

9.2.1 Study area

To meet our objectives, stem disks and wood increéroeres of 30 trees were sampled in
the North Ethiopian highland€rica arboreawood samples were collected from two
forests, i.e. Lib Amba Mountain of the Abune Yo8&buntain range (12°04’'N, 39°22’E,
3993 m a.s.l.) and Ferrah Amba Mountain (12°52'853®’E, 3939 m a.s.l.). The North

228



Part 3

Ethiopian highlands are the result of epeirogergctidry uplift 45 million years ago,
accompanied with successive lava flows, which fatmear-horizontal Tertiary basalt
layers (Hendrickx et al., 2015). These stratifi@ddit series are locally more than 2000 m
thick and cover the formations of the Mesozoic séme and limestone, and Palaeozoic
and Precambriam basement rocks (Bussert, 2010).t@its volcanic history, inactive
volcanic plugs and structural relief, forming stesgarpments characterize the study area
(Chapter 3). The dominant soil type of the higltwade soils are well developed Andosols
(Wesche et al., 2000). The study sites are situatethe western shoulder of the Rift
Valley, on the water divide between the hydroloblzasin of the East African Rift in the
east and the Tekeze and Nile Basin in the weswu(€i§.1). The two mountains were
selected because both are ranging above the piteselnie elevation (approx. 3700 m).
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Figure 9.1 Location of the study area
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Rainfall in the study area shows a bimodal rairdétribution with an unreliable short
‘azmera’ rain season (March-May) preceding the m&remt’ rain season (June-
September) (Figure 9.2). The mean annual predmpitataries with elevation and is
approximately 862 mm near the afro-alpine belt ib Amba (Chapter 8). Mean air
temperature is nearly constant throughout the y8a&8+0.7°C), whereas the diurnal
temperature variation is high (9.5£1°C). This climadata were obtained in a
meteorological station installed near the uppeedbin Lib Amba (2012-2014) (Chapter
8).

The vegetation belts encountered in the study areathe same belts as mapped in the
Simen Mts. by Hurni and Stahli (1982), but at difet vegetation growth limits, related
to local biophysical constraints. These vegetalielis are: théAcaciaupper limit at ca.
2730 m, theHagenig Juniperusand Olea montane forest limit at ca. 3200 m, tBdaca
arboreatreeline limit at ca. 3700 m and the upper graspge vegetation limit at ca.
4225 m. The afro-alpine high altitude forest is dwated byErica arboreg which forms
the upper treeline ecotone (Wesche et al., 2000).

600 -
500 A
400 -
300 A

200 A

Precipitation (mm)

100 -

Figure 9.2 Rainfall patterns between March 201 &rly 2013 with in light blue the azmera
season, in dark blue the kiremt season and in igieyall during the dry season.
The period plotted corresponds with the period ketwcambial marking and
sampling of the stem disks.

9.2.2 Data collection

At both sites, five trees received a cambial markearly March 2012. Such cambial
marks are mechanical injuries of the cambium tleatse a wound response in the tree,
which acts as a time marker (Mariaux, 1967). Inhesite, the marked stem disks were
sampled at the end of July 2013. These stem diske ®air-dried and transverse sections
were sanded (up to 1200 grit) until the tree rimgge completely visible. In addition,
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more samples were collected in the two study areB®vember 2014 using an increment
corer along 8 main transects crossing the mouriitaest upslope with a 20 m elevation
interval (Figure 9.3). At each interval level, filrees were sampled with two cores each.
The trees are cored as close to the ground levebssible, while still allowing room for
handling the increment borer, in order to requiraximum tree ages (Grissino-Mayer,
2003) (Figure 9.4). For each sampled tree, tremeliear and height were measured. Since
tree height is relatively low (less than 5 m), tnesgwere directly measured using a pole.
In total, more than 400 tree cores were collecédidErica arboreasamples are stored in
the Xylarium of the Royal Museum for Central Afri¢gdervuren Wood Collection,
accession numbers stem disks: Tw64881-64890; iremengores: numbers not yet
assigned), Tervuren, Belgium. In this paper, thalyais is based on the cambial marked
stem disks and the increment core data of one @impriansect.

coring and core extraction; (Eyica arboreatree at Lib Amba Mt.
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Figure 9.4 Schematic illustration of the samplgtgategy. T stands for transect number (1-
4); P stands for point number on the transect (IG4tands for the core number at
the point (1-5); A and B stand for the two respextiores of one tree.
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9.2.3 Dendrochronology

To derive a chronology, tree rings were markedhentén stem disks and counted under a
stereomicroscope along three radii. Ring widthsemereasured from scanned images
(2400dpi) with ImageJ 1.47v (open-source softwdreaddition, tree-ring structures were
derived from the increment cores. The cores wertewith a WSL core-microtome
(Gartner and Nievergelt, 2010) and the tree ringeewcounted under a stereomicroscope
(Gartner et al., 2015a). Moistening the incrememes with water helped to reveal the
tree-ring structures. The tree-ring widths were sneed using a Lintab measuring table.
After the measurements, the tree-ring series wansvige crossdated at the level of the
individual tree to derive an average tree-ring tvidéries per tree (TSAP Win software,
Rinn, 2003). Subsequently, these individual treg-series were crossdated to find a tree
growth chronology for all trees with a similar matt (Douglass, 1941). The quality of the
crossdated pairs were evaluated using three statithe Gleichlaufigkeit (Glk), the t-
value of Baille-Pilcher (tBP) and the cross-cottiela (%) (Rinn, 2003). While
crossdating, threshold limits of Glk > 60 and tBP2® were imposed (Trouet et al.,
2010). Next to the mathematical variables for alasisg, visual control was another
important condition for accepting or excluding eért trees from a chronology. A
threshold of minimum four samples per year is ggjuarantee a representative tree-ring
chronology (De Ridder et al., 2014). The chronadsgivere tested for age trends using
autocorrelation (AC) statistics (Rinn, 2003) anansiardized using the five year moving
average procedure of Baillie and Pilcher (1973) Bxpressed Population Signal (EPS)
indicates how well the sample chronology matchestieoretical population chronology;
the threshold for a representative population dign@.85 (Wigley et al., 1984).

Table 9.1 lllustration of the cross-dating procedtar theErica arboreastem disks: (GIk)
Gleichlaufigkeit and (tBP) t-value of Baille-Pilahe

Glk Tw64887  Tw64886  Tw64888  Tw64890  Tw64884  Tw64889
Tw64887 X 66 65 63 64 71
Tw64886 X X 64 73 64 64
Tw64888 X X X 63 64 71
Tw64890 X X X X 67 68
Tw64884 X X X X X 67
Tw64889 X X X X X X
tBP Tw64887  Tw64886  Tw64888  Tw64890  Tw64884  Tw64889
Tw64887 X 1.7 2.1 0.3 15 0.3
Tw64886 X X 1.6 0.4 0.4 0.6
Tw64888 X X X 1.8 1.2 1.7
Tw64890 X X X X 0.9 1.4
Tw64884 X X X X X 0.2
Tw64889 X X X X X X
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9.2.4 Wood anatomical analysis

To study the wood anatomy of the tree rings, cig@imples of approximately 1 ém
containing the cambial marks, were cut from thenstissks of the two study areas. These
Erica arboreacubes were softened in water at 80°C during tweks&geuntil microtome
sections of 18um thick could be sliced. The sestiware stained with Safranin and Astra
Blue, dehydrated with an ethanol series and mountepgermanent slides (Gartner et al.,
2015b). From these slides, microphotographs wemrernaing Cell B software (Olympus
TM). The microphotographs visualize in detail themier of tree rings and the amount of
wood formed since the cambial marking (Verheyden at, 2004). These
microphotographs were used to identify IADFs acowdo the procedure of De Micco et
al. (2014). In this procedure, the vessel sizeeasared in-continuum along the tree ring
on 300-400 um wide transects and plotted in a dsspe graph. This graph shows the
variation in vessel size against the position ef vessel, expressed as percentage of ring
width (De Micco et al., 2014).

9.2.5 Climate-Growth relationship

The climate growth relationship is subdivided irotparts: (1) the relationship between
tree-ring formation, the presence of IADFs andfeditvariability on the one hand and (2)
the relationship between the tree-ring chronology alimate variability on the other
hand.

() Relation between the occurrence of IADFs and rdinfa

Beside annual, kiremt and azmera rainfall, the dpgll indices from Seleshi and
Camberlin (2005) were adapted to capture rainfiaditfiations. Two binary variables were
constructed: rainfall dip and dry spell.

- The variable ‘rainfall dip’ is 1 if there is azmerainfall with more than 100 mm
followed by a dry spell of more than 10 days betwéee azmera and kiremt
season and 0 in all other cases.

- The variable ‘dry spell’ is 1 if there is a dry Hp&f more than 20 days and O in all
other cases.

The strength of the relations between IADF formatmd rainfall was tested with an
‘N-1" Chi-square test and a binary logistic regressn SPSS Statistics (IBM). The ‘N-1’
Chi-square test was used, because the amount efvaltiens is smaller than 5 in three
cells of the contingency table (Campbell, 2007)atidition, the phi coefficient was also
calculated.
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(i) Dendroclimatology

To derive the climate effect on tree growth, thee sihronology was correlated with

monthly, seasonal and annual climate data (i.eciptation, minimum and maximum

temperature). Because NMA station data for MayckiE992-2013) and Lalibela (1997-

2013) is spatially and temporarily limited, climatata was generated with KNMI climate
explorer covering more than a century of climatéadd901-2013) (Trouet and Van

Oldenborgh, 2013). The correlation between thelldtslA stations and the climate

explorer data is, however, very low for rainfalldaminimal temperature (Pearson r <
0.15). Therefore, the climate explorer data (alfothe long record) is not used to match
with tree growth. Beside temperature and precipmaeffects, the combined Aridity

Index (eq. 1) defined by de Martonne (1926) wasluse

P
lom = T + 10 (1)

With: Ipy the Martonne aridity index, P the annual meanipittion in mm and T the
annual mean air temperature in °C.

Relationships between climate variability and rwglths of the average tree-ring
chronology were calculated with Pearson correlati@e Ridder et al., 2014).

9.2.6 Gradients of tree height with elevation
The gradient of tree height with increasing elewatis plotted in a scatterplot based on the
transect tree height measurements. In additionellagion between tree height and tree age is

presented in a height-age curve for the afro-alfgnea arboreaforest. The strength of the
relations is evaluated with a linear regression.

9.3 Results

9.3.1 Tree-ring formation

On the microphotographs, there are two growth zongble after the cambial mark
(Figure 9.5). These growth zones provide evidemcettie formation of annual growth
rings because they match with two rainfall peakisvben marking and sampling of the
trees. The first ring corresponds with the kireaihrseason in 2012 and the second ring
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with part of the kiremt season in 2013. Howeveg tliowth zones appear disturbed in
response to the cambial pinning. The tree ring @22 directly after the pinning is
relatively small and vessel size and density dedively limited after marking.

The annuaErica arboreatree rings are mainly marked by radially flatteridxbrs in
the last layers of the latewood and by changesessel density. The vessel density is
especially higher in the earlywood and decreaseartis the latewood (Figure 9.6). If a
layer of flattened fibers is unclear or missingween two rings, this corresponds with an
intra-annual density fluctuation (IADF) (Figure 2.6

Figure 9.5 Microphotograph of the wound tissue fednin response to the cambial pinning.
The cambial mark is indicated with black arrowgA) sample Tw64884 and (B)
sample Tw64881. The trees were marked on Marcl012 and sampled after 498
days on July 25 2013. The tree-ring boundariesnalieated with white arrows.
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Figure 9.6 (left) Variability of the vessel densitjythin a tree ring from the start (0%) to the
end of a growth ring (100%) as derived from measerds of 50 tree rings;(right)
Microphotographs from sample TW64881 showing adspiree ring (A) without
IADF in 2011 and (B) with IADF in 2009. Figure cowgition is based on De
Micco et al. (2014). The location of the IADF ini8indicated with two arrows.

A dispersion graph is used to characterize vessglition in IADFs based on 50 tree
rings of 3 samples (Figure 9.7). For this graphDF& with a clear growth interruption
(24% of total tree rings) are combined for all meed years. Partial IADFs (40% of total
tree rings) are excluded from the dispersion grépih,are very common and disturb the
overall picture. On the dispersion graph the nommals without IADFs (36% of total tree
rings) are also plotted as a reference. From thegphg it becomes clear that IADFs
typically occur at the beginning of the annual rilegrly-IADFs). The graph also shows
that vessel lumen area in normal tree rings deessiasm earlywood to latewood.
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Figure 9.7 Dispersion graph of tree-ring formationErica arborea showing the vessel
lumen area in relation to the distance from theirbegg of the tree ring. The
dispersion graph indicates in black the polynormgdrpolation line for tree rings
with IADFs and in grey the polynomial interpolatitine for tree rings without
IADFs. The arrow points to the end of the IADF.

9.3.2 IADFs and rainfall variability

IADFs form a major problem for dating tree ringecg they are morphologically similar
to latewood. In order to understand the formatibrearly-IADFs in the tree rings, the
irregular first rain season (azmera) is evaluategatential explaining factor. Rainfall
patterns and rainfall-derived indices between 1808@ 2013 are presented in Table 9.2,
together with tree-ring derived data. An ‘N-1' dguare test indicates that there is a
significant relation between the occurrence of IADdhd dry spells (Chi2=4.45, p<0.05).
This relation is confirmed by the Phi coefficiethere is a significant weak positive
association ¢ 0.55, p<0.05) between IADFs and dry spells. Thmsans that the
possibility of an IADF increases if there is a falhinterruption of more than 20 days
between the azmera and kiremt rainfall season.narlilogistic regression indicates that
the combined effect of the amount of azmera rdinfddy spell and rainfall dip is
significant (Chi?2=9.99, p<0.05) and related withOR formation (Nagelkerke R2=0.65,
classification accuracy 87.5%). Similar regressiomdicate that there is no significant
relation between IADF formation and respectivelynaal rainfall (R?=0.01; p>0.05),
kiremt rainfall (R=0.09; p>0.05) or azmera rainfall %&0.02; p>0.05). IADF formation
appears thus the result of the combined effeczfeaa rainfall followed by a dry spell.
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Table 9.2 Rainfall indices (from the Lalibela stai and IADF formation

Total Azmera Dryspell (<Imm)in Rainfall Dry spell IADF

rainfall  rainfall’ days dip

(mm) (mm) azmera kiremt

1997 1002.1 178.6 14 19 1 0 0
1998 789.8 814 17 23 0 1 1
1999  793.7 23 42 21 0 1 1
2000 693.9 60.6 28 9 0 0 0
2001  993.9 115.6 25 15 0 0 1
2002 722.1 87.1 29 14 0 0 0
2003 868.8 104.1 18 14 1 0 0
2004 567.3 35.3 38 15 0 0 0
2005 774.3 150.1 20 17 1 0 1
2006  851.3 97.2 17 13 0 0 0
2007 837.6 50.3 16 15 0 0 0
2008 704.4 79.8 38 14 0 0 0
2009 5755 53.3 33 24 0 1 1
2010 771.7 78.9 17 15 0 0 0
2011 784.7 200.0 13 13 1 0 0
2013 1075.6 100.2 23 12 1 0 0

9.3.3 Dendrochronology

Despite the tropical environment and the limitedcgss in previous studies, tree-ring
series from stem disks and tree cores were suctigssfossdated into a 48-year old tree-
ring chronology (Table 9.3). From the 30 measurashdes, 60% was included in the
average combined tree-ring chronology (Figure 918k tree-ring series of the excluded
samples (40%) did not match the average tree-riageqm (Glk>60, tBP<2). The
combined chronology reveals no strong age trend(@lvalues are below 0.5, Table 9.3)
and the change in Mean Sensitivity (MS) before aiter standardization is only 1%. The
EPS of the crossdated trees is lower than the nedjtinreshold of 0.85. However, despite
low cross dating values (low correlation values sigmificant Pearson correlation), visual
inspection (De Ridder et al., 2014) confirms carmFossdating between the trees.
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Figure 9.8 Tree-ring chronology @&rica arboreain the North Ethiopian highlands (1966-
2014). On the graph, the non-standardized treeainmgnology is given in black
and the standardized chronology in orange. The kawnhkgpth is given with a
dashed line, a minimum of 4 samples per year id ase¢hreshold.

Table 9.3 Characteristics of tlkgica chronologies for the stem disks, the tree corestha
combined chronology

Stem disks Cores Combined
Total n tree samples 10 20 30
n samples in chrono 6 (60%) 12 (60%) 18 (60%)
Mean number of tree rings 46 £ 11 369 39+11
Time span chronology 1972 - 2012 1976 - 2014 1966 - 2014
(40 years) (38 years) (48 years)
Mean ring width 0.48 +0.15 1.03+0.26 0.76 + 0.24
chronology (mm)
AC! before standardization -0.01 -0.23 0.27
MS? after standardization 35 33 29
Pearson® 0.20 0.07 0.08
EPS 0.60 0.46 0.63

'Autocorrelation; 2Mean Sensitivity; *Pearson correlation between treéEPS expressed
population signal

9.3.4 Dendroclimatology

The NMA data of Maychew is used to derive the ctenaffect on tree growth, since
Maychew has the longest climate record (1992-20M®yeover, during the crossdating
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process tree growth is proven to be more sensttivelimate patterns under limited
conditions higher up the mountain and more northerlFerrah Amba Mt., near to the

Maychew station (higher Glk. and tBP values).

The tree-ring chronology is significantly (p < O0.Xprrelated with minimum
temperature in March and August (Figure 9.9). Iird¥laduring the azmera season, this
correlation is negative and in August, in the kitemason this correlation is positive. For
the maximum temperature and for rainfall there rayesignificant correlations with tree
growth. There are also no significant correlatigns> 0.1) between tree growth and the
Martonne Aridity Index. A multiple linear regresmionvith minimum temperature in
March and August is significant and is able to axpP4% of the variation in tree growth

(R2: 0.24; p<0.05).
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Figure 9.9 Correlation coefficients (n = 22) betwaeonthly and seasonal climate variability
and tree-ring width oErica arborea(1992-2013). (A) Maximum temperature; (B)
Minimum temperature; (C) Rainfall. The dotted lirepresents the p<0.1 level.

Significant correlations are indicated with a blackow.
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9.3.5 Tree growth gradient

Tree height decreases with increasing elevatiorafpgroximately one meter along a
vertical gradient of 100 m (Figure 9.10). But, thleserved relation between tree height
and elevation is not strong (R2= 0.30, p<0.05). maght-age curve shows no significant
correlation between tree heigth and tree age &wstolder than 20 years (Figure 9.10).
Lower tree heights at higher elevations are thugdirectly related wtih younger trees at
the treeline.
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Figure 9.10 (A) Tree height versus elevation andt@ height versus age

9.4 Discussion

Radially flattened fibers in the last layers of th'ewood mainly characterize the tree-ring
boundaries ofErica arboreain the tropics. In the Mediterranearica tree rings are
typically formed by a transition of vessel denstyd size from earlywood to latewood;
vessel density and size are higher in the earlywarodi decrease towards the latewood
(Battipaglia et al., 2014). A similar transitionabserved foErica arboreain the tropics,
but less pronounced. The possibility for IADF fotroa in Erica in Ethiopia is higher
when there is a dry spell between the azmera ardhkiseason and especially when this
is combined with high rainfall amounts during tlzenera season. Similarly, the formation
of IADFs in the Mediterranean is also related toutyht stress (Battipaglia et al., 2014).
IADFs in the Mediterranean form as the combinedultesf high temperature in the
summer, rainfall and soil water variability. Therfation of IADFs is much higher (with
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more than 70% of the total rings) in the Meditee@m region (Battipaglia et al., 2014) in
comparison to IADF formation in the tropics (24%).

The tree-ring chronology presented here is nofiteefor Erica arboreain the tropics.
Kaeppeli (1998) made a chronology Bifica arboreain 1998 spanning a period of 20
years (1976-1996) at Nebir Mekemecha (3800 m Jais.khe Simen Mts. This tree-ring
chronology of Kaeppeli (1998) was used to compaith the overlapping chronology
established in this study; however the correlat®rery weak (Pearson r = 0.04). This
can be addressed to the variable climatologicalditomns in the Simen Mountains
(Chapter 8). Kaeppeli (1998) did not consider dealiimatology withErica arboreadue
to wedging rings, human impact and the occurrerfcéADFs. Whereas, this study
indicates thaErica arboreacould potentially be used for dendroclimatologheTelation
between tree growth and minimum temperature is asibgnificant on the p<0.1
significance level. This limited significance is imlg due to the restricted available
climate data of only 22 years (1992-2013), while tthronology spans a period of 48
years (1966-2014). The low EPS might also explam low correlation with climate
because the sample size is small and possiblyepoesentative for the whole population
of Erica arborea Nevertheless, at the p<0.1 significance levetelae two significant
relations between tree growth and minimum tempegaflihere is a positive correlation
between tree growth and minimum temperature irgtbging season (August). A similar
positive relation between temperature &edrela montandree growth in the growing
season is observed in the humid mountain rainfer@ssouthern Ecuador by Brauning et
al. (2009). This indicates that the minimum tempe® in the growing season controls
tree growth and that warmer temperatures can eehgmawth. In March, there is a
negative relation between minimum temperature aed growth. This is potentially
related with the formation of IADFs. However, maesearch is required to verify this
relation.

The environmental lapse rate of temperature i2°@7%er 100 m for the study area,
whereas for rainfall there is no significant trenih elevation (Chapter 8). The rainfall
patterns in Maychew are therefore not suitableneustand the relation with tree growth
at the afro-alpine forest. Rainfall data from neathe forest is needed to understand the
impact of rainfall patterns on tree growth. Theeeffof rainfall on tree growth is indicated
to be positive in subtropical treelines in Northtees Argentina (Morales et al., 2004),
but negative in the humid mountain rainforest inteern Ecuador (Brauning et al., 2009).
The difference between these studies is caused iftgresit rainfall conditions. In
Northwestern Argentina rainfall strongly decreas@$ elevation up to <200 mm above
4000 m, whereas in southern Ecuador average anamuédll exceeds 2000 mm (Morales
et al.,, 2004; Brauning et al.,, 2009). Rainfall thuspedes tree growth under wet
conditions and enhances tree growth under dry tiondi This trend is also visible in the
correlation between tree growth and rainfall vatigb(Figure 9.9). In the azmera and
kiremt rain season tree growth is negatively catesl with rainfall (however this relation
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is not significant). This indicates the need fotailed climate data at higher elevations.
The strength of the correlation would potentiallger if more climate data would be
available at high elevations and if more samplesevirgcluded. An improved correlation
between tree growth and climate could potentidligwaclimate reconstructions as given
by Schongart et al. (2006) for West Africa.

The size of the trees decreases with one meter Id@rvertical meter towards the
treeline, this is in line with treeline studies tile European alps (Paulsen and Korner,
2014). The height of the tree is not significanmyated with the age of the tree for trees
older than 20 years. Smaller trees at the trealirghus not necessarily younger. There is
thus no evidence for an upwards shift of the treelbased on the sampled trees. This
might be because there were only three trees youhg® 32 years sampled and the
expansion of the forest and upwards movement otréedine mainly occurred between
1982 and 2014 (Chapter 11).

9.5 Conclusion and outlook

The presented 48 years tree-ring chronolognta arborea(1966-2014) proves the
potential of tropicalErica trees for dendrochronology. Stem disks and incrergeres
were collected in the tropical highlands of Nortiigpia in Lib Amba and Ferrah Amba
Mountain. The formation of annual growth rings igoyen by microphotographs of
cambial marked stem disk&rica arborea tree rings are characterized by radially
flattened fibers in the last layers of the latewand by decreasing vessel density and size
from earlywood to latewood. IADFs are observeddlation with early rainfall followed
by a dry spell. Tree growth is significantly andsjpively related with minimum
temperature in the growing season, but negativély tree growth in the azmera season
(potentially explaining higher risks for IADF foriian). Rainfall had a negative impact
during the rain season, but more research is netededderstand the rainfall effect. The
Erica arborea chronology presented in this study provides a sigfoé example for
further dendrochronological studies. IADF formatishows the best opportunities for
climate reconstructions. Wood density measuremants repeated cambial pinning on
more trees combined with site specific climate rwing are suggested to further
disentangle the link between climate and tree gnowt
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Chapter 10 Land use and cover dynamics since
1964 in the afro-alpine vegetation belt of North
Ethiopia
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Abstract

Human induced land use and land cover (LUC) charthesaten the
ecosystem services of the vulnerable tropical afpine vegetation. Several
LUC change studies are available for the Ethiopimhlands, but relatively
little is known about LUC change in the afro-alpganes. In this study, LUC
changes between 1964 and 2012 were mapped fofrthalpine zone of Lib
Amba Mountain, part of the Abune Yosef MountainsNorth Ethiopia.
Historical LUC was derived from georeferenced depietographs of 1964
and 1982, and the present LUC (2012) from Bing Matellite imagery.
Based on these successive LUC maps a time-depth lchip proportions,
LUC transition matrices and LUC change trajectoniese calculated. Two
main phases of LUC change could be distinguishaellet to the neo-
Boserupian perspective. (i) Between 1964 and 188#e was a large-scale
deforestation and general degradation of the végetabove 3500 m, in a
period of low population pressure; (i) Between 29&nd 2012, an
intensification of land use prevailed accompanieth & slight regeneration
of the vegetation and therica arborea forest, under increased population
pressure. Depth interviews indicated that local agmvernmental land
management measures are very important for theegiioh against
vegetation depletion and soil degradation. Quiclovery of the forest on Lib
Amba provides confidence that degraded afro-alpimeas would benefit in a
short time from complete protection, given the wiigi of remaining patches
of afro-alpine vegetation. Management interventiares thus vital to restore
the important ecosystem services of the afro-alpuegetation belt.

Keywords: Human impact; Land use and land covengealntensification;
Deforestation; Forest recovery; Tropical highlands
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10.1Introduction

Land use and land cover (LUC) changes induced lyamuactivity have an undeniable
impact on natural vegetation cover (Lambin et 2001; Turner et al., 1993) and on the
soil system (Brevik et al., 2014; Leh et al., 2018Jrican tropical mountainous areas,
generally have a greater vulnerability to LUC chesdue to the high population density
and the presence of steep slopes (Lambin, 199¢)Nbnthern Ethiopian highlands suffer
from severe land degradation due to the highlynsifeed land usage (Nyssen et al.,
2009d). Several studies indicate that LUC in thikidfian highlands have significantly
changed during the second half of thé 2@ntury (Amsalu et al., 2007; Bewket, 2002;
Teferi et al., 2013; Tegene, 2002; Tekle and Hedll2900; Zeleke and Hurni, 2001). The
majority of these studies indicate deforestationfamour of cultivation land as an
important cause of land degradation. However, nobghese studies mainly deal with
lower vegetation belts, whereas LUC changes inatne-alpine zone are less widely
studied. The growing population of Ethiopia mainliwes from self-subsistence
agriculture, which causes a high pressure on théskzape’s natural resources (Belay et
al., 2014). This caused in combination with eaalgd cultivation several thousand years
ago severe soil degradation in Ethiopia (Hurni,8)98he effect of land cover changes on
soil erosion in Ethiopia is increasingly studiece(&w et al., 2013; Gessesse et al., 2014;
Mekuria and Aynekulu, 2013; Yeshaneh et al., 20Bgmoval of vegetation cover
historically has been a cyclic process in Ethiofiat overall there was a tendency of
deforestation over the last one hundred year (Bistz®01). Deforestation in favour of
cropland or overgrazing has many negative effentthe soil: e.g. decreased soil depths
especially on steep slopes, decreased surface nesghdecreased soil organic matter
content, soil compaction. (Lemenih et al., 20059spite this long history of deforestation
and the high population increase, land rehabititais observed over the last two decades
in the Northern Ethiopian highlands (Lemenih ands$éa 2014; Nyssen et al., 2009b).
However, intensified anthropogenic modificationstlod vegetation cover (LUC change)
and increased climatic stress (drought) on the te¢iga have increased the vulnerability
of the land to degradation (Frankl et al., 2013l 1). Lanckriet et al. (2014) emphasize
the importance of the political-ecological systend ats conservatory policies for land
degradation cycles. However, these drivers of dyosrof occupation and cultivation
may not be applicable to the afro-alpine areas@ Ethiopian mountains, as they were
occupied much more recently (Hurni and Messerli81)9 Nevertheless, insufficient
investments in soil and water conservation (SWE€maval of natural vegetation and
overpopulation are determining factors of land ddgtion in the highlands of Northern
Ethiopia (Amsalu et al., 2007).

High altitude forests and vegetation plays a ctucik in the vulnerable environment
of the Northern Ethiopian highlands. On a globalecit is estimated that nearly half of
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the human population directly or indirectly depemus water yield from mountain
catchments (Messerli, 2004). The ecology and risbié the highland vegetation plays a
vital role for clean and steady water dischargee Hthiopian highlands also form hot
spots of biodiversity, due to high habitat diverssaused by a compression of climatic
zones and differences in microclimate, exposunéjrgegrity and slope steepness (Spehn
and Liberman, 2006). Endemic species richnessrigpkarly high in the North Ethiopian
highlands. The endangered Ethiopian wa@afgis simens)sforms a striking well known
example, threatened by habitat destruction (Ashextadl., 2005). Ecosystem stability in
the highlands is a requisite for erosion contratchment quality and biological richness
(Spehn and Liberman, 2006). By storing rainfalghtand forests reduce soil erosion and
form a buffer against flooding in lower areas (Aegt al., 2002; Miehe and Miehe, 1994).
Hence, one of the crucial elements of land managemehighland areas is the recovery
of forests at critical locations. Over the last fdacades, removal of vegetation has been
locally slowed down or reversed (Nyssem al, 2009c). Local initiatives of land
rehabilitation, afforestation and natural resoumt@nagement have shown that recovery
from severe degradation is possible (Boyd et 8002 De Mlelenaere et al., 2014). This
re-greening transition is induced by environmegtaiservation and policy interventions
(Belayet al, 2014). According to (Nyssen et al., 2009d) the&es a gradual recovery of
the mountain forests in the Bela-Welleh catchmarthe Northern Ethiopian highlands,
approximately 100 kilometres north of the studyaadd this research. Hence, land
degradation is not necessarily irreversible desfhiee ongoing increase of population
pressure (De M(elenaere et al., 2014).

An improved understanding of past and present Lb&hges is essential to provide an
accurate analysis of the changes (Srivastival, 2012). Human interference has a
decisive impact on these changes. Knowledge oépettof LUC changes is necessary to
enable a sustainable management of the environmgmiresent, little is known about
general LUC change in the afro-alpine environmérihe Northern Ethiopian mountains.
This study provides a detailed insight in LUC charaj the afro-alpine belt for a case
study in the North Ethiopian highlands since 196He objectives of this paper are (i)
detection and analysis of LUC and their changesiratahe tropical mountain of Lib
Amba and (ii) determining the underlying causatdes of LUC change in the study area.
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10.2Materials and Methods

10.2.1Study 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 (Fegd0.1). The highlands of Northern
Ethiopia consist of a high basaltic plateau sitdateest of the Main Ethiopian Rift
(Coltorti et al., 2007). Four rivers spring at Mourib Amba: Derege (in the south),
Dengelsa (in the west), Shal (in the northeast)@aliha (in the southeast). The first two
rivers belong to the drainage area of the Tekexzes, rwhile Shal and Golina river drain
to the Western Rift Valley in the east. The typisalls found at lower elevations in the
basalt-dominated highlands are reddish Skeletic isots and black Pellic Vertisols
(Descheemaeker et al., 2006; Van de Wauw et @8)2@ndosols form the prevalent soil
type in the afro-alpine zone with a lower limit300 - 3600 m a.s.l. (Hurni and Messerli,
1981; Hurni, 1989). There are two rainy seasonb high inter-annual rainfall variability
in North Ethiopia. The main rain season is gendrdig the annual movement of the
Intrertropical Convergence Zone (ITCZ) (Cheunglet2008; Nyssen et al., 2005) and is
responsible for 65-95% of the annual rainfall (S3eged Lamb, 2005). The climate in the
afro-alpine zone is moister, due to decreasing &satpres and evaporation with altitude
(O’Hare et al., 2005). Aspect, altitude and latéumre important factors controlling the
variation of precipitation in the Ethiopian moumsiNyssen et al., 2005, 2004).

Small scale agriculture dominates in the valleydga@500 m, which is the altitudinal
limit of barley (Hurni and Messerli, 1981). Farmearse a flexible farming system that
takes the local environmental conditions in accourtopping systems with shorter
cropping season are generally found on the vallgg;svhile longer crop cycles are found
in the valley-bottom (Frankl et al., 2013a). Theps consist mainly of barley, lentils,
peas, beans and potatoes. Since 1975, Soil and Watservation (SWC) measurers are
implemented to limit land degradation in Ethiopizepremichael et al., 2005). This is also
visible in the study area by the wide use of stbueds at the edge of the farmland to
reduce overland flow and soil erosion. Settlementthe study area are scattered and
consist of small traditional houses. Eucalyptushf@aions are common in the valleys
below 3500 m, along gullies and around the villagése population density in the study
area is increased with 26% during the last dedaole, 130 p/km? in 2000 to 164 p/km?2 in
2010 (CIESIN and CIAT, 2005).
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Figure 10.1 Location of the study area

The naturally occurring subalpine vegetation beit Joniper forests Juniperus
procerg is missing along the slopes of Lib Amba. A pragelErica forest prevails on the
north side with trees that reach up to three metneswith the upper individuals growing
up to 3800 m (Chapter 5). Small patches of remif@anaist with high 3-4 metreBrica
trees, but without undergrowth are found on thettsm slopes of Lib Amba Mt
(Figure 10.2A). The afro-alpine highlands are imt@ot for biodiversity. Hypericum
revolutumshrubs are very common up to 3650 m, especialptanes with less intensive
grazing. WhileHelichrysum citrispinumshrubs are more common at higher altitudes
(Friis et al., 2010) (Figure 10.2B). A unique speiti the afro-alpine zone is giant lobelia
(Lobelia rhynchopetalum Hemgl.which can mostly be found at wetter depressions
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(Figure 10.2C). At high altitudes the vegetatiomdwated by afro-alpine tussock grasses
that are well adapted to the cold mountain envireminFriis et al., 2010) (Figure 10.2D).

This afro-alpine vegetation of the Ethiopian higida is home to a wide range of
endemic wildlife species, but fragmentation andirdesion of the afro-alpine vegetation
threatens their habitat (Kidane et al., 2012). population of the endangered Ethiopian
wolf (Canis simensjsis estimated to be only 19 individuals in the Almba and Abune
Yosef community conservation area (Marino and &iHéubiri, 2014), other well-known
endemic species encountered in the study areaharé&sélada baboonTeropithecus
geladg and the Abysinian owlAsio abyssinicys

Figure 10.2 Land use and vegetation typesE(aa arborea(b) Helichrysum citrispinunand
Hypericum revolutunshrubs, (c) Giant lobelid_¢belia rhynchopetalurtilemsl.),
and (d) Short and long tussock grasgess{uca macrophylleCarex erythrorhiza

10.2.2Data and pre-processing

Bing maps satellite imagery (IKONOS, GeoEye) wasdu® map the LUC of 2012 and
historical LUC was derived from aerial photograpbk 1964 and 1982. Multiple
overlapping photographs were needed to cover thgy sirea without cloud cover (3 for
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1964 and 4 for 1982). The aerial photographs wesengetrically rectified by co-
registration with the 2012 satellite imagery aserefice (Table 10.1). Image-to-image
registration enables identification of a large nembf corresponding points on both
layers. This method yields reasonable results wdmgrsidering small areas and using a
high density of control points (Hughes et al., 200&mes et al., 2012). For every aerial
photograph, a total of 250 co-registration poinesevmanually indicated concentrated in
the study area, this is on average 2.5 points pg& Khe RMSE (Root Mean Square
Error) of every georeferenced photograph was catledl from the comparison between
coordinates of 20 unrelated control points on téeaha photograph and the Bing Maps
imagery. The highest total RMSE is 5.92 m in x &80 m in y for the 1982 photographs
and 5.46 min x and 4.75 m in y for the 1964 phrpgs (Table 10.1).

Table 10.1 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 Photograph’‘RMSE: Root Mean Square ErrotALOS/PRISM as reference (Ubukawa, 2013);
“EMA: Ethiopian Mapping Agency
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Figure 10.3 lllustration of two overlapping aer@iotographs for a subset area northeast of
Lib Amba Mountain (left) Image from 25 January 1982T2-S12-30-0435,
NMA) and (right) Image from 20 February 1965 (R-1B8179, NMA).

Global Navigation Satellite System (GNSS) data fsomere collected in the field
using a Garmin eTrex H with a planimetric accurbejween 3 and 10 m. A total amount
of 45 Ground Truthing (GT) points distributed inetlstudy area were recorded and
characterized. For each GT point, 4 main parameter® described in the field: (1)
different vegetation types (2) estimation of thgefation cover per vegetation type (3)
rock outcrop and (4) land management of the areaompanying ground photographs
were made at the location of each GT point. SuctpGilits have proven valuable to map
LUC (Lillesand et al., 2008).

10.2.3Land Use Cover (LUC) classification

A classification legend was developed based on &@& dnd on previous work in North
Ethiopia by Meire et al. (2013) and De MUelenadral.g(2014). The legend is adjusted to
the ecotopes represented in the study area, eeMdlist evergreen Afromontane forest
(MAF), the ericaceous bel(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, foregucalyptusplantation, bushland, grassland, village, roclcag
and river bed. The classes for rock outcrop aner ibed have very similar textures on the
imagery, but the location makes it easy to distisiguthem. The main classes are
subdivided in subclasses: (i) Farmland is subdiitty occurrence of stone and soil
bunds and occurrence of other vegetation or cledtencalyptus (ii) Forest is subdivided
in open and dense forest; (iii) Bushland is sulsiiidi in plain bushland, bushland mixed
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with grass and bushland with scattered other végataiv) Grassland is subdivided in
plain grassland and grassland mixed with other tetiga.

Based on this classification legend the LUC of ttimee 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 fefiedrance. The LUC classes were
identified on the base maps using interpretatichrigues such as anisotropy, grey scale
and texture differences. The minimal mapable udiMU) was derived from the largest
RMSE. The largest error of the used aerial phofgggavas 5.98 m, which occurred in a
photograph from 1982. The used MMU was thereforen10

10.2.4Land Use and Land Cover (LUC) change analysis

The LUC maps were used to study LUC change bet@864 and 2012 in the afro-alpine
highlands of North Ethiopia. A time-depth map wasistructed to distinguish the areas
that have changed with those that have a permdné@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 elevabonndary was taken at the 3500 m
contour line, thus accounting for the agro-ecolaglmoundary of barley and other crops
(Hurni and Messerli, 1981).

Metrics of LUC and LUC change were derived for etioke series and per elevation
zone. The LUC proportions reveal the trends of geaper LUC class and transition
matrices show the nature of change. Four impotted@ change types were derived from
De Mdelenaere et al. (2014) and adapted to thisareh, indicated on the matrices and
represented on a map. These change types are:

() Deforestation: the change of forest in the firgteiperiod to any other LUC
class in the second time period,;

(i) Degradation: the change of bushland, grassland umalfptus plantation to
farmland, the change of farmland, bushland, gradsland Eucalyptus
plantation to rock outcrop and the change of bughta grassland;

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

(iv) Vegetation increase: the change from farmland asgjand to bushland and
the change from rock outcrop to grassland, bushtaurtlicalyptus.

10.2.5Socio-ecological dynamics of LUC change

To understand the underlying long-term social aeteants of LUC changes, in-depth
interviews with key informants were conducted. Tihéerview method is based on
individual interviews with key persons and farmesdiich were asked open questions.
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These questions concern interlinkages betweendligcpl and ecological history of the
study area (Lanckriet et al. 2014). A total of B4depth interviews were conducted in the
Lib Amba study area with key informants in the dieThe interviews were structured and
composed of specific questions concerning the ofig:

(i) Evolution in population density and settlement atiohs; e.gHave settlements
in the valley changed? How old is the farmland?

(i) Crop system and livestock farming; eX/hich crops are grown on the
farmland? Is a cycle with bare soil used? Is tramsiance used?

(iif) Vegetation dynamics; e.dpid the extent of the Erica forest change? Since
when is the forest protected?

Because previous research showed people can gipeedime answers, stating
collective perception rather than personal expegefor a variety of reasons, a semi-
structural set-up of the questions was adaptedhaostirroundings and references were
made to the landscape at the time of the interiewssen et al., 2006). A historical
ground photograph of the southern valley in thelwiarea from 1916 was used to make a
reference to the past environment (Figure 5.3).

10.3Results

10.3.1Land Use Land Cover (LUC) maps for 1964, 1982 and042

The LUC of Lib Amba Mt. was mapped for the threecassive periods (Figure 10.4).
These maps reveal the vegetation boundaries dflilclasses. Farmland is dominant in
the valleys below 3500 m, except for a small arégh farmland up to almost 3700 m in
1964, but this farmland was abandoned by 2012. ddwsity of stone bunds in the
farmlands increased between 1964 and 2012. Setitsmsed to be spread and confined
to the lower parts, but associated with populatioowth new settlements were created
higher up the mountain (up to 3696 m) by 2012. THatural Erica forest, growing
between 3274 and 3712 m in 1964, strongly decred¥bde Eucalyptus forest increased
in the lowlands from a single small patch at 333 rh964 to several small patches up to
3445 m in 2012. Furthermore, in the highlands al®%@0 m, plain bushland increased at
the expense of mixed grass- and bushland and gnaissThe extent of the river beds in
the valleys increased considerably and was mappékdec2012 LUC map.
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Figure 10.4 LUC maps for the three successive siteps (1964, 1982 and 2012)

10.3.2Land 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 (Figure 10.5).iReoinis the unchanged character of
the farmland in the valleys. However, in all vallelfucalyptus plantations and villages
increased between 1982 and 2012, indicating thensification of land use. The
development of broader river beds below 3500 m atsurred between 1982 and 2012.
Overall, most changes occurred above 3500 m, laretls also a considerable area of
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permanent bushland. The extent of the remainindraleBrica forest has

had a very
dynamic character over the last 48 years.
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Figure 10.5 Time depth map of the LUC between 1&&#2012
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The proportions of every LUC class of 1964, 198& 2012 reveals the major trends in
the study area (Figure 10.6). Bushland (43% in 2@i® farmland (44% in 2012) are
clearly the major classeErica forest has known a severe decline in the firsty@8rs
(from 16% of the study area in 1964 to 4% in 19820 kept decreasing at a slower rate
after 1982. Bushland on the contrary has constantseased between 1964 and 2012
(from 26% to 43%). The proportion of farmland iglfastable, there was only a decrease
between 1982 and 2012 at areas above 3600 m. pucslfjorests were non-existent in
1964 and are quickly expanding (2% in 2012). Geas$sldoubled between 1964 and
1982, but dropped back after 1982, probably duestiuced grazing in the higher areas
since 2007. There was also an increase of the pgropof the villages.

55
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1 I

. im = lII e 1
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Figure 10.6 LUC class proportions for 1964, 198@ 2012

LUC transition matrices and change maps reveah#tare of the long-term changes
between 1964 and 2012 (Table 10.2 ). The largegpoption of change is given by
deforestation (13.7 %), primarily forest changimgoi bushland (11.3 %). Deforestation
occurred mainly in the first phase (between 196dl B982) in large patches in the north,
east and centre of the study area (Table 10.3)th@rcontrary, the area with vegetation
increase (8.8 % over the whole period) is most pment in the second phase (11%
between 1982 and 2012). Over the full period, thiange occurred almost exclusively
above 3500 m (12.9 %). Vegetation increase is malok to the change of farmland into
bushland (5.1 %) and grassland into bushland (3F#estation is only limited (0.2%)
and primarily occurred in the second phase in angel patch in the centre of the study
area above 3500 m. Naturally, trees are not groabuye the treeline at approx. 3700 m,
which explains a more stable vegetation of the-afpine vegetation above the treeline.
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Degradation occurred in one elongated patch imtiréheast of the study area and in
some smaller patches scattered over the entirg(ae&o, almost exclusively above 3500
m). The change of bushland into grassland (1.8r8d)aushland into farmland (0.8 %) are
the main components. The rate of degradation islasirbetween the two periods, but
slightly higher in the first phase. Prominent ie fower elevation zone is the considerable
change in the category ‘other change’ (8.6 %). Pintgoortion is chiefly composed of the
transition of farmland into Eucalyptus plantation#iage and river bed between 1982 and
2012. This represents the intensification of lasd in the valleys. Overall, 70% of the
study area remained unchanged, chiefly comprisefhrofland in the valleys (41.9 %)
and bushland on the mountain slope (22.5 %).

Table 10.2 Land use and cover transition matrixhefentire study area 1964-2012 (surface
area in percent). The colours represent the LUQ@daypes: (red) deforestation,
(brown) degradation, (dark green) forestation digtit(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 0.00 | 0.00 0.73 0.00 0.00 1.96 0.00 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 1.57 42.63 5.10 1.16 2.76  0.50 100.00
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Table 10.3 Relative proportions of LUC change oattieg (derived from the LUC transition
matrices) for elevation zone 1, elevation zone@fanthe entire study area.

Relative proportions (%)

Zone 1 (<3500 m) Zone 2 (>3500m) Entire starba

1964-1982
deforestation 10.8 134 12.5
degradation 1.0 8.3 5.9
forestation 0.2 0.5 0.4
vegetation increase 0.8 5.7 4.1
other change 1.8 0.9 0.9
no change 85.5 71.3 76.2

1982-2012
deforestation 3.1 3.1 3.1
degradation 1.4 5.6 4.2
forestation 0.3 2.5 1.8
vegetation increase 1.3 15.7 11.0
other change 9.4 1.4 4.1
no change 84.6 71.7 76.0

1964-2012
deforestation 135 13.7 13.7
degradation 1.0 5.1 3.7
forestation 0.1 0.2 0.2
vegetation increase 0.6 12.9 8.8
other change 8.6 15 3.8
no change 76.2 66.6 69.8

Eight LUC-trajectories explain 98.2 percent of theC changes (Table 10.4). The
largest proportions consist of stable non-foresteds (47.2 %) mainly in the valleys and
continually vegetated areas (31.5 %) mainly inhighlands. When considering the two
proportions of unchanged areas (together 78.7t%n be concluded that only 21.3 % of
the study area changed between 1964 and 2012.eG¢ #we proportions of trajectories
with a recent vegetation increase distinctly higtiem proportions of trajectories with a
recent vegetation decrease (Table 10.4).
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Table 10.4 LUC change trajectories between 1964 2012. Trajectories with vegetation
decrease are represented in red and trajectorievggetation increase in green

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

Early vegetation decrease Fo/B _» Fa/G/R — Fa/G/R 2.1
Recent vegetation decrease Fo/B —» Fo/B —> Fa/G/R 3.0
Early vegetation increase, Fa/G/R —> Fo/B — Fa/G/R 0.9
recent decrease
Early vegetation increase Fa/GIR —» Fo/B —> Fo/B 2.4
Recent vegetation increase Fa/G/IR —» Fa/G/R — Fo/B 6.5
Early vegetation decrease, Fo/B —> Fa/G/R —> Fo/B 4.6
recent increase
Continually vegetated areas* Fo/B —» Fo/B — Fo/B 31.5
Stable non-forested areas Fa/G/VIR —& Fa/GIVIR  —» Fa/G/VIR 47.2
Other trajectories X — X —> X 1.8
*Deforestation-reforestation Fo —» B — Fo 1.5

Fo, forest; B, bushland; Fa, farmland; G, grassl&)adock outcrop; V, villages

10.3.3Drivers 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 stdtatlthe number of settlements began
to increase after the land reform in 1988, whemmfand was obtained from the
government. However, many of the highest settlemmarg only very recent and appeared
in 2007, driven up due to the high population dgmnsi the lower areas. Cultivation of
new farmland occurred to some extent high up invlestern valley, but was reversed
after some time because the yield was very low. Tobgernment stimulated the
cultivation of Eucalyptus trees from 1991 onwardfer the downfall of the Derg, the
new government also introduced several new vasiaifecrops adapted to the highland
conditions (from 1997 onwards).

Transhumance is practiced on a broad scale in ip@yl highlands (Nyssen et al.,
2009a). This was also the case in the study arghatlue government in 2007 prohibited
grazing in the uppermost areas. Due to this résttiaccess to fodder, the amount of
livestock was reduced. The remaining animals apt &®se to the house during the rain
season and are fed straw from the land. Some iafioisralso mention the opportunity to
cut grass in the ‘highlands’ on which to feed thisiestock and a minority declared to let
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their animals graze in the ‘highlands’ illegallyrahshumance had a major impact on the
extent of theErica forest. Livestock grazing exerted high pressurthefvegetation in the
highlands and prevented forest regeneration. Wimleddition the shepherds degraded
the forest by chopping for firewood. The degradatgiarted already in 1974, when
population density started to increase. Howevetindguhe government of the Derg forest
cutting was forbidden but grazing continued, furteehancing degradation. However,
protection of the forest against cutting was inaee and illegal cutting went on. Only
after the downfall of the Derg (1991), the cuttimigthe forest really ceased. But grazing
in the forest continued until complete protectiom 2007. This social-ecological
background suggests, settlement dynamics thatroorifie observed past deforestation
and degradation and recent vegetation increas¢handtensification of LUC in the study
area.

10.4Discussion

This research gives an extensive overview of LU@nge in the afro-alpine highlands of
Northern Ethiopia over a period of 48 years (19642). Figure 10.7 summarizes the
main trends by plotting the LUC proportions in tinker the two elevation zones
separately.
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Figure 10.7 Overview of the most important LUC ojes between 1964,1982 and 2012.
Woody vegetation is the sum of the proportionsooé$t, bushland and Eucalyptus
plantation.

10.4.1Evolution of farmland and settlements: a neo-Bosemian
perspective

In contrast to the constant proportion of farmlamg to 1982 in the study area, a
significant increase of farmland in North Ethiopras found by several studies from 1965
until the 1980’s (e.g. De MUelenaere et al. 201dlaB et al. 2014). This difference could
be explained by the late colonisation of the higlaesas (Hurni and Messerli, 1981). The
second trend of a decrease in farmland between 29822012 at Lib Amba is in
accordance with the regional trends reported byMbelenaere et al. (2014) and more
locally by Belay et al. (2014). The observed desega the second phase can be ascribed
mainly by the abandonment of degraded lands witbvayield on steep slopes. The
growing population also causes a conversion of le@mthinto settlements, but this fraction
is very small (Belay et al., 2014; De Muielenaeralet2014). During this period, there
was also an increase of the density of stone buiwsrall, this second phase corresponds
with a period of land intensification.

Abandonment of farmland seems contradictory toitiseeasing population density in
Northern Ethiopia (e.g. Bishaw 2001 and Belay et28l14). However, high population
density is not necessarily related to land degradataused by land clearing for
agriculture and overgrazing, as this can mostlpdxribed to conservation policies (Haile
et al., 2006; Lemenih et al., 2014). Nyssen e{2014) even found that the increase of
woody vegetation was higher in areas with greadg@ufation densities. Our findings are
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thus compatible with a neo-Boserupian perspectivepapulation-forest dynamics.
Following Boserupian theory (Boserup, 1965), extentand clearing (deforestation and
degradation) would prevail during human colonizatiinder relatively low population
densities (i.e. the period 1964-1982). When popnapressure then rises, necessity
would drive farmers to invest in better land mamaget and agricultural intensification
(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 downfaltloeé Derg. This governmental programme
focused on egalitarian land rights and effectivgplementation of soil conservation
measurements, resulting in decreased land degradathd a vegetation increase
(Lanckriet et al., 2012).

Another considerable proportion of farmland changei Eucalyptus plantations
(almost 2%) after 1982. The evolution of Eucalypfieintations occurred almost
simultaneously to the establishment of settlementse study area. De Mlelenaere et al.
(2014) found a similar result of an increasing nemtif small Eucalyptus plantations on a
regional scale in the Ethiopian highlands. This &gmlitical background, along with the
change of government in 1991, the plantation ofaBuatus in the private sector was
encouraged (Holden et al., 2003).

10.4.2Evolution of vegetation

A number of studies have shown a tendency of imgmr@nt of the biomass production
and recovery of the natural forest cover in manyspaf the Ethiopian highlands, despite
the increasing population pressure. Meire et @18} and Munro et al. (2008) both found
an increased vegetation cover since 1975, basewmeated terrestrial photographs in
Tigray. Wgien (1995) reported a remarkable regrositthe natural forest in the Mafud
escarpment in Amhara region between 1957 and 1988y more studies in different
districts in Amhara region observed an increaseayMer by trees and forest regrowth
since the 1930’'s and 1950’s (Bewket, 2002; Crumni898; Girmay et al., 2000).
However, these studies deal mainly with lower siplina zones and the findings in this
study on the evolution of forest cover in afro-apiareas are in contrast with the
described re-greening trend in lower areas. Sirg&l 1the extent of the forest on Lib-
Amba has shown an ongoing downward trend and has tesluced to only a fraction of
its size. The forest very likely had already beegrdding for decades before 1964 due to
exploitation for fuel and construction wood, prasshy overgrazing and land clearing for
agriculture (Bishaw, 2001; Hurni, 1983). Deforestatand agricultural intensification are
also observed in the Bale mountains (Kidane et2éi12). In the Simen Mountains the
highland forest shows a similar evolution nearhe Yillages, but isolated forest patches
show an expansion of the forest (Nievergelt et H98). A gradual recovery of the
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highland forest is also observed in the Bela Weltgtichment under government
intervention (Nysseet al, 2009d). This is in line with the recent reforéistatrend in the
protected forest in the study area and fits withenneo-Boserupian perspective.

In contrast to the forest cover, the total amounwvoody vegetation (bushlané&rica
forest andEucalyptusplantations together) in the Lib Amba study araa tecovered and
even increased after 1982. This is mainly as altresuthe major ongoing increase of
bushland since 1964 that occurred partly becaugbeotleforestation for firewood, but
can also be explained by the recent decrease ddsyme by livestock grazing
(Figure 10.8). During the Derg government, livektgeazing in theErica forest went on
but cutting the forest was forbidden. However, phatection of the forest was inadequate
and illegal cutting could not be prevented. Locald agovernmental initiatives for
environmental conservation and recovery are crdiciahe re-greening trend (Aerts et al.,
2006; Meire et al.,, 2013; Munro et al.,, 2008; Nyss&t al., 2009d). Due to the strict
protection with thirty-one guards of the highlanda and more specifically therica
forest in the north of Lib Amba since six years forest was able to increase slightly.
Patches of remnant forests act as refuges andespesols and are therefore proven very
important for a quick and successful regeneratibthe vegetation and the biodiversity
(Aerts et al., 2006).

i i 3

Figure 10.8 Photograph of vegetation regeneratiter divestock removal. Young growing
Erica trees can be identified by their light green colmucomparison to the dark
green colour of the oldéfrica trees.
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The trend of vegetation increase and forest regoaey also reflected in the relatively
high proportions of the ‘vegetation increase’ (6&6)d ‘early vegetation decrease and
recent increase’ (5%) change trajectories. Thisdtig likely to proceed in the following
years if the protection of the forest is respecigte stimulation of private initiatives in
rural areas to planEucalyptusfor firewood and construction material (Pohjonerd a
Pukkala, 1990) also had a positive impact on tleowery of the natural forest (De
Mdelenaere et al., 2014; Wagien, 1995). Despitartbeease oEucalyptugplantations, the
majority of the woody vegetation increase happenghe highest elevation zone.

10.5Conclusion

This study gives quantitative evidences of LUC demin the afro-alpine zones of
Northern Ethiopia since 1964. LUC was mapped frariah photographs and satellite
imagery to determine the proportions of change @rahge trajectories over a period of
48 years around mount Lib Amba (3962 m). Two mdiages of LUC changes could be
distinguished. Between 1964 and 1982, large scafierelstation and general degradation
of vegetation occurred in the afro-alpine vegetatzmnes above 3500 m. In a second
phase between 1982 and 2012, intensification af lase prevailed, accompanied by an
increase of settlements in the valleys below 3500me strong deforestation at Lib Amba
is a clear representation of the strongly degrddgllands of Northern Ethiopia. Change
trajectories and change maps show that there bhasthg been a slight regeneration of the
Erica arboreaforest in the highest areas and a tendency todalmafarmland with low
yields on the highest slopes in the valleys. Howetlee vegetation increase caused by
these recent tendencies in the afro-alpine areandrdib Amba is still very limited
compared to other regions in Northern Ethiopia. ifloeease of settlements in the second
phase was induced by the high population pressui@ier areas, which forced people to
move to higher elevated areas. The natural vegataegraded because of land clearing
for farmland, woodcutting and livestock grazing eTiecent increase of woody vegetation
and the limited abandonment of farmland can be ddmwithin the neo-Boserupian
perspective. Local and governmental land managemeisures are very important as
protection against vegetation depletion and sajraéation. The poor management of the
protected forest during the period of the Derg goreent prevented the vegetation from
restoring, but the recent successful exclosurees@)7 in the afro-alpine zone has
already led to a small regeneration of #wca forest and indicates the large impact of
land management on vegetation cover. This quigkorese of vegetation recovery on Lib
Amba gives confidence that other degraded afraial@reas would benefit in a short
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period of time from the installation of exclosurgssen the vicinity of remaining patches
of afro-alpine vegetation.
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The photograph on the back of this page is takeheaslopes of Ferrah Amba Mt.
looking to the south at an elevation of 3750 m.g$2°51'39”N, 39°29'06"E), on
the 4" of August 2013. The cattle on the photograph titate the home-range
herding movement of the people in the surroundiiiages to the afro-alpine
grassland at the top of the mountain.
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11.1General summary

The state of the art about treeline dynamics aedetivironmental setting of the study
area are presented in the first part. In generathe scale of tropical Africa, the treeline is
not rising to higher altitudes, despite recent aenwarming. On the contrary, high
human pressure has caused stabilization and eeessien of the treelines below their
natural climatic limit, particularly through livestk herding (Chapter 2). In addition, on
the scale of the study area in the North Ethiopighlands, the geomorphological setting
and the forest physiognomy were mapped in detdipp@er 3 and 4). It is in this broad
setting that the dynamics and drivers of high @& forest cover change and treeline
shifts since 1964 are reconstructed. The afro-alforest declined between 1964 and
1982 and extended afterwards between 1982 and 201, the opposite trajectory was
observed in the lower afromontane forest belt (@#rap, 6 and 10). The treeline is
indicated to have shifted upwards up to 4000 m. dogally in the Simen Mts. (Chapter
6), but in general, the treeline is located 400 @ow its potential climatic position
(Chapter 8). The potential climatic limit is a teengture limit, since temperature during
the growing season is indicated to limit tree glgves observed from dendrochronology
analysis (Chapter 9). A 48 years tree-ring chrogwlof Erica arborea(1966-2014) was
established and annual growth ring formation isvproby microphotographs of cambial
marked stem disks. However, IADFs are observeelation with early rainfall followed
by a dry spell, which can disturb ring formationte& growth is significantly and
positively related with minimum temperature in g@wing season, but negatively with
tree growth in the azmera season (potentially éxiplg higher risks for IADF formation)
(Chapter 9). Based on the environmental lapseafadér temperature, 0.72°C per 100 m,
was the potential climatic limit of the treelinecomstructed at 4100 m a.s.l. This means
that the current treeline elevation is depresseddfyym below its potential climatic limit
(Chapter 8). To study the effect of rainfall onetrgrowth at the treeline, calibrated
satellite-derived RFE were evaluated. However, bseahey underestimate rainfall in
mountainous areas the calibrated RFE are not wsdtld study area (Chapter 7). Instead,
meteorological station rainfall data was collectBdt, rainfall data did not significantly
relate with elevation (Chapter 8). The currentlyprssed treeline elevation can be
attributed to the effect of changing population aymcs (Chapter 10).
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11.2Conceptual model of mountain forest dynamics

The main results are combined in a comprehensineegiual model (Figure 1). This
model presents the altitudinal limitations and demin the upper mountain forest belts
of North Ethiopia for three time steps and providegsnarios of future changes under
different management strategies. The mountain fdrels limitations in 1964 are used as
hypothetical reference situation in the first tistep (I). In the following two time steps,
the changes in mountain forests and treelinesrasepted for respectively 1964-1982 (II)
and 1982-2015 (lll). A projection of future moumtdorest belt dynamics is given for
three scenarios. In scenario (A), the protectedh aseextended including the lower
afromontaneJuniperusforest belt. In scenario (B), the protected aredimited to the
afro-alpineErica forest which corresponds with a continuation & turrent management
strategy, while in scenario (C) protection of theoumtain forests is completely
abandoned.

For the Simen Mountains, Hurni and Stahli (19823rekterized the altitudinal limits
and belts for the Late Wirm and for the 1982 situmatthis method was adapted here. In
the model, two hypothetical mountains are present&tl different elevations. The
smaller mountain represents mountains peaking @oap4000 m a.s.l., as observed in
Lib Amba (Chapter 5 and 10), while the larger maimipeaks at approx. 4500 m a.s.l.
and represents protected mountain ranges as oldsiertbe Simen Mountains (Chapter
6). Arrows are used to indicate changes of the n@durforest: lateral arrows represent
expansion or contraction of the forest and vertmabws represent upwards shift or
depression of the (upper and lower) altitudinakgbrimit. The arrows are colored in red
and green to emphasize, respectively, ‘positivel ‘aegative’ effects.
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Figure 11.1 Conceptual model of mountain vegetatiymamics in the North Ethiopian
highlands
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Below, the different time steps are explained itadle

Time step | (1964)

Data on mountain forest dynamics from before 1964 starce for the study area. A

historical terrestrial photograph of 1917 lookigvards Aboy Gerey Mt. (3565 m a.s.l.)

gives indications for a late human colonizationtled upper mountain area (Chapter 5,
Figure 5.2). The altitudinal vegetation belts foistfirst time step are based on data from
Chapter 5 and 6. These vegetation belts form tfererece situation of the model. The

altitudinal limit is different for the two mountanbecause the spatial extension of the
Erica forest is smaller for Lib Amba in 1964.

Time step 1l (1964-1982)

In this period the afro-alpin€&rica forest strongly declined (from 16% to 4%) on
unprotected slopes (Chapter 10). The main drivepaesible for this deforestation trend
is a population shift upward the mountain due tweasing scarcity of land and resources
in the lower areas. These observations can be ieggdlain a political ecological
framework (Lanckriet et al., 2014) and corresponithwhe first phase of the neo-
Boserupian perspective (Chapter 10). The polipcater in this period switches from the
late feudal regime (until 1974) to the early Deegime (1974-1991). In the feudal period
land inequity, lack of centralized conservation iges and sharecropping systems
hindered long-term conservation investments andezhland degradation (Lanckriet et
al., 2014). Subsequently, during the civil war untte Derg regime, inherited exhausted
lands and economic stagnation further aggravated egradation (Lanckriet et al.,
2014). The upwards movement of farmers is causedniegual land rights, pushing the
poor farmers to steep slopes and marginal ternairise feudal period (Lanckriet et al.,
2014). Following neo-Boserupian theory, extensiaedl clearing (deforestation and
degradation) prevails during human colonization exndelatively low population
densities; while necessity under increased populgiressure, drives farmers to invest in
better land management and agricultural intengiboa During the period 1964-1982,
under extensive population pressure (first phasth@fneo-Boserupian perspective) and
lack of centralized conservation (political ecolmji model), the afro-alpine forests
strongly degraded.

Under protected conditions in the Simen Mountaithe afro-alpineErica forest
expands in this period. However, locally continggdhropo-zoogenic pressure causes a
decrease of the woody vegetation. In this perioe upper treeline increased (more than 1
m year') in local areas isolated from anthropo-zoogeniespure (Chapter 6). The
unprotected afromontane forest beneath the pratedte-alpine forest slightly decreased
(Chapter 6).
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Time step Il (1982-2015)

Although population pressure in the highlands cargd to increase (Chapter 5, Figure
5.8), woody vegetation cover increased in the afpire belt (with almost 13%) in this
period (Chapter 10). The remaining afro-alpltréeca forests are protected, which resulted
in forest regeneration and a small increase (u®.Bo m yeal since 1982) of the
physiognomic treeline elevation (Chapter 5). Thisni line with the second phase of the
neo-Boserupian perspective (Chapter 10) and fitghm political-ecological model.
Political power changed in 1991, in the post-wariqeethe political-ecological system
was re-organized with a new land reform and laig@esinvestments in soil and water
conservation (Lanckriet et al., 2014). However, doecomplete closure of the upper
forest, pressure increases at the unprotected afrimme Juniperus forests in the vicinity
(forest cover decreased with 63%) (Chapter 5). Susbcondary effect must be taken into
account for a sustainable management of thesecerments (Chapter 10).

In the protected environment of the Simen Mountdiveye is a continuation of the
observed trends. The elevation of theca treeline even rises up to almost 4000 m a.s.l.
The anthropo-zoogenic pressure continues in tr@raintane forests and at local places
in the afro-alpine forest, but outside of theseaarthe afro-alpine forest extends further
(Chapter 6 and 7).

Time step IV (2015-future)

The observed forest dynamics between 1964 and 2@t8& used to project the future
forest cover under three different management smenaAssociated with this projection,

the potential environmental impact of the expedtrdst cover change on the mountain
ecosystem is briefly addressed for each scenario.

Scenario A: extended protection with inclusionted afromontane Juniperus forests

Quick recovery of the afro-alpir€rica forest in Lib Amba after protection (Chapter 10)
gives evidence for an expansion of the forest urmtetected conditions, given the
vicinity of remaining forest patches (Chapter S5imifarly, the afromontaneuniperus
forest is expected to recover and expand aftereption. This would allow fragmented
patches of forest to reconnect, which in turn wobddhefit wildlife populations in the
highlands (Yihune et al., 2009). Extension of theumtain forest would also deliver
benefits for the ecosystem services they providepier 1). The protection of forest on
steep slopes is most important, because regeneraftitorests on steep slopes helps to
reduce run off (Chapter 4). This is even the caseil depth is small, sincErica grows
well on shallow soils (Chapter 4). An uplift of theeline up to 4250 m a.s.l. is expected,
taking into account an increase of the air tempeeatith 1°C since 2015 (Chapter 6 and
8).
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Scenario B: unchanged protection with only the -alfpneErica forests protected

In this scenario, the afro-alpirierica forests are protected and are able to expand. The
treeline would rise, similarly as in scenario A top4250 m a.s.l. (taking into account a
1°C temperature warming). While, continued pressurghe lower afromontane forests
would strongly reduce their spatial extent. Thisnisre or less similar to the observations
during the third time step (1982-2015). This landnagement scenario would limit the
sustainability of the mountain landscape (e.g.ufgdl1.2) and its ecosystem services on
the long term.

o 5 B s

Figure 11.2 Gullies are observed beneath defatedtgpes, Ferrah Amba Mt. (February 26
2012).

R

Scenario C: non-protection

The third scenario, that involves a discontinuat@nthe protection of the mountain
forests, would have devastating effects on therenment as well as for surrounding
communities. This would cause aggravated habitg Bnd critically endanger wildlife
species such as the Walia ib&apra walig and cause an overall decrease of biodiversity
(Gebremedhin et al., 2010). The ecosystem wouldenmwt of balance, which could
potentially trigger increased soil erosion, floaisl a decrease of spring water affecting
the vulnerable communities on the lower slopes.
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11.3Conceptual model validation

Italian aerial photographs from the 1930s are msreggly available thanks to a
Memorandum of Understanding between the Ethiopiaappthg Agency, Ghent
University and Mekelle University. In 2015, a ungq@938 aerial photograph of Mount
Guna (11°42'N, 38°14’E, 4231 m a.s.l.) was retrobfeom this collection, too late to
include Mount Guna in the ongoing study. The agfatograph was hence only used to
validate the conceptual model. The local historythe treeline elevation that could be
observed on the photograph was derived from aghiatographs of 1957 and 1980 and a
recent Google Earth image (2014) (Figure 11.3). fonest history of Mount Guna is in
line with the conceptual model (11.1). The treelioge in the early feudal period between
1938 and 1957, which corresponds with a periodbof &nthropo-zoogenic pressure due
to late colonization of the upper mountain aredse forest also densified in this period,
from an open grazeétrica forest to a closed forest. This is potentiallyatet with
protective measures at this period. In the latel&eand early Derg regime, between 1957
and 1980, the density of the forest and the treebirongly decreased. This is in
agreement with the second time step; the populaiofted upwards the mountain and
severely impact the forests in the afro-alpine.ldadcal informants claim that the forest
nearly disappeared by the end of the 1980s. Atepte#n the post-war period, the forest
densified and the treeline has risen to its higk&station, above 3800 m a.s.l. (in 2014).
This is in line with the third time step; foresppection and regeneration under increased
population pressure.

The treeline in Mount Guna shifted up with appr8®. m over a period of almost 80
years (1938-2014). The biggest advance of theiteeelccurred between 1938 and 1957,
in a period of limited anthropo-zoogenic pressi8anilar rates of treeline shifts (1 m
year') are observed in the Simen Mts (Chapter 6).
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Figure 11.3 Treeline shift in Mount Guna as deriiedim co-registered historical aerial
photographs. The 1938 aerial photograph was madidytalian Military, the
1957 and 1980 aerial photographs are from the gignnoMapping Agency (EMA)
and the 2014 satellite image is from Google Earth.

11.4Limitations to model application

The time steps presented in the model are basethtanavailability and therefore not
necessarily converge with historical transition edat Data with a higher temporal
resolution is required to delimit the temporal soall the transitions more precisely.
Another limitation is that the model focuses orfatiént levels of protection, whereas
also other factors can cause a forest transitionekample, economic development with
land abandonment and migration to urban areas iat whused reforestation in the
European and North American mountains (Mather, ROA1similar forest transition is
currently ongoing in many parts of Asia (Mather,02)) However, to date Ethiopia
remains largely under-urbanized, even accordingAfiacan standards. This lack of
urbanization can be partly attributed to the s#itiency of agriculture and the 1975 land
reform program, which provides incentives and opputies for peasants in rural areas
(Golini et al. 2001). It is estimated that the fysapulation in 2030 (83 millions) could
still be almost the double of the urban populaijés millions) in Ethiopia (Golini et al.
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2001). Subsequently, land abandonment and migratibrprobably not cause a forest
transition in Ethiopia in the near future. The poél-ecological and the neo-Boserupian
perspectives are complementary in providing an@pmate framework for understanding
forest cover changes in tropical mountains for ttivee historical time steps. The neo-
Boserupian perspective interacts with the politeedlogical context. In this perspective
forest recovery is linked with increasing populatgrowth, because increasing population
densities stimulate innovations, which results mnirgtensification of land and resources
use (De Haan, 2000). However, the neo-Boserupiamdwork fails to explain the
secondary effect observed in the third time stdps Becondary effect corresponds with
aggravated deforestation in the afromontane faaftet complete protection of the afro-
alpine forest. The Boserup perspective is a libepgroach, whereas protection is a state
intervention. Leach and Fairhead (2000) thereforep@se a landscape-structuration
perspective to understand nonlinear trajectoriepapulation-forest dynamics. In this
perspective, pathways of forest cover change aspesh by the interaction between
population change and institutional and policy mgements. This explains the observed
secondary effect, due to complete protection ofafne-alpine forest. Subsequently, this
indicates the need for a holistic management gfydta mountain forests.

Morales et al. (2004) question the traditionallyedigemperature limitation for tree
growth at the treeline, since high transpiratiaiesarevail in tropical mountains (50-90%
higher than in mid-latitude mountains (Leuschn®)®) which cause water shortage and
impede tree growth. This is the case in the sulabpmountains of Northwestern
Argentina characterized by dry conditions (<200 rabove 4000 m) (Morales et al.,
2004). However, Brauning (2009) observed the opeasiation in the humid mountain
rainforest in southern Ecuador. Rainfall is thupested to enhance tree growth under dry
conditions and to impede tree growth under wet itmms$. In the study area a negative
correlation is expected but not significant (Chag@g In the growing season, a positive
correlation with minimum temperature is observeddfter 9). Treelines are widely
considered to be thermally limited (Harsch et aD09; Kdérner, 2007; Paulsen and
Korner, 2014). In Chapter 8 (Figure 8.16) the pb&trctlimatic treeline elevation, based
on air and soil temperature trends with elevatismrojected and corresponds with 4100
m a.s.l., which is 400 m higher than the curreneeixof the ericaceous belt. In the Simen
Mountains, in local areas isolated from anthropogamic pressure, there is evidence for a
treeline rise. At present, the treeline is locatpdo 4000 m a.s.l. and upper individuals up
to 4050 m a.s.l., which is near to this potentiahatic limit. Treeline migrations in the
East African mountains during the LGM were alsoi¢ated to be primarily temperature
driven (Saltré et al., 2013).

Yet, this mechanistic relation between air tempeeatind treeline elevation is a strong
simplification of real vegetation dynamics. For exde, the atmospheric GO
concentration was also indicated to have had amritapt impact on altitudinal shifts of
the treeline in the LGM (Saltré et al., 2013). Highatmospheric COconcentrations
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could enhance growth through faster carbon fixates long as other factors such as
water availability are not limiting (Hickler et aR008). The competitive balance between
C, plants and gplants (mainly tree species) also had an impacthendistribution of
tropical forests in the LGM (Street-Perrott et al997). In the future increased
atmospheric Cgrould favorC; tree species (Crawford, 2008). However, more rebea
required to better understand the effect of elelatenospheric C&on tree growth at the
tropical altitudinal treeline.

11.5General conclusions

Vulnerable tropical mountain forests provide impaoit ecosystem services for
surrounding communities and for biodiversity. Aegent, this fragile environment is
subjected to biophysical and socio-economic drivérshange. Human induced land use
and land cover changes have had an undeniable ingpacatural vegetation. Local
communities directly affect the forest cover foreith subsistence, through wood
harvesting, fire and livestock browsing. Mountagogystems are, according to UNESCO,
among the most sensitive ecosystems in the wouddtlaa treeline, at the upper edge of
the mountain forest, forms one of the most appavegetation boundaries worldwide.
Treelines are temperature sensitive and thus paligntesponsive to climate change. A
multidisciplinary study of treeline dynamics hagbeonducted in three North Ethiopian
mountains: the Simen Mts. (13°16’N, 38°24'E, 454@us.l.) home to the highest peak of
Ethiopia (Ras Dejen Mt.); Lib Amba Mt. (12°04'N, 32’E, 3993 m a.s.l.) of the Abune
Yosef Mts.; and Ferrah Amba Mt. (12°52'N, 39°30839 m a.s.l.). The key research
questions raised in this thesis state ‘Are treslimethe African highlands rising due to
climate change?’ and more generally ‘How did thghhaltitude African tropical forests
change over the last 50 years?’ The answer to tipesstions can be partly decomposed
in sub-questions answered in the individual chapter

Are treelines in tropical Africa rising? On averadke tropical African treeline is
depressed below its climatic limit by 400 + 300 emgbut regional differences are high
and there are still many uncertainties. The maiem@lly determining factors of treeline
dynamics in tropical Africa are temperature, prégatpn and cloudiness, carbon balance,
fire and anthropo-zoogenic impacts. In generaklimes in tropical Africa have been
primarily driven by fire and anthropogenic presstather than climate change (Chapter
2).

Can we use periglacial depositis to reconstructéquimatic conditions in the North
Ethiopian Highlands? Based on periglacial depaseéstemperature drop around 6°C was
calculated for the LGM in Ferrah Amba, Lib Amba,dam the Abuna Yosef range.
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Moreover, small marginal glaciers are suggestduhie existed in the LGM at the upper
north-facing slopes of the Abuna Yosef range unibemal topo-climate conditions
(Chapter 3).

What is the effect of protection on the physiognoofhyhe afro-alpineErica arborea
forest? Increased forest protection measures haxemp successful at Lib Amba Mt., as
indicated from a comparison between the physiognomthe afro-alpineErica forest
between Ferrah Amba and Lib Amba. The heavily logémrest of Ferrah Amba is
strongly disturbed with more than 50% of the trdammaged and a high amount of tree
stumps (app. 30%). The forest is degraded to afdweest with an average tree height
below 2 m and a low canopy cover. Simultaneousg height is more than two meter
and tree density and forest canopy are almost doubthe lightly logged forest of Lib
Amba. There is thus a high need for improved fopgstection in Ferrah Amba Mt. in
order to allow a natural recovery of the forestdQter 4).

Are the afromontane and afro-alpine forests deargasver the past half century? The
history of forest cover change is ‘opposite’ betwdbe afromontane and afro-alpine
forests in Lib Amba Mt. The afro-alpine forest deed between 1964 and 1982 and
extended between 1982 and 2015, whereas, the aftanme forest was stable between
1964 and 1982 and strongly declined between 19822815. Complete closure of the
afro-alpine forests in the most recent period (32825) caused a secondary deforestation
effect in the afromontane belt (Chapter 5 and 10).

Did the establishment of the National Park in tirae€®h Mountains affect forest cover?
In the protected Simen Mountains National Park ($NEn increase of the forest cover
was observed between 20 and 40%. But locally, coatl anthropo-zoogenic pressure
causes a continued decline of the forested are&7¢d per decade) (Chapter 6).

Can we use RFE to estimate rainfall dynamics inttbpical African highlands? A
local calibration of NOAAs RFEs showed major raihtanderestimations in areas with
pronounced relief (Chapter 7).

How do microclimatic conditions influendgerica arboreatree growth at the treeline in
the North Ethiopian highlands? Rainfall, air, grduand soil temperatures were measured
in meteorological stations, installed along thepslof the mountain ranges. Rainfall does
not show a significant trend with elevation. Ralhfallows a bimodal pattern with an
unreliable small rainy season (March-May) precedihg main rainy season (June-
September). The soil temperature is influenced kgetation cover in winter and
incoming radiation in summer. Soil temperature$Z-cm depth) in forested areas are on
average 1.8°C colder in comparison to non-forestezhs. This can cause a positive
feedback effect by the forest, sheltering tree laagsl Air temperature is strongly related
with altitude. The average environmental lapse iratbe study area is 0.72°C per 100 m.
Air temperature is indicated to be the dominanvetriof the treeline limit in the North
Ethiopian highlands. The treeline is currently kech400 m below its climatic potential
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limit and is expected to increase an extra 150 deua climate warming of 1°C (Chapter
8).

Is Erica arboreagrowth responsive to climate variability? A 48 yéaica arborea
tree-ring chronology was established and is paditivcorrelated with minimum
temperature in the growing season and negativetih wiinimum temperature in the
azmera season. Rainfall is not significantly cated with tree growth, but long-term
high elevation rainfall data is needed to bettetanstand the rainfall effect. Early azmera
rainfall followed by a dry spell can cause the fation of IADFs in the tree rings
(Chapter 9).

How did land use patters affect vegetation coveheNorth Ethiopian highlands? A
neo-Boserupian perspective of population-forestadyies and a political-ecological
model can be used to explain forest cover changéisel afro-alpine belt. The political-
ecological transitions correspond well with afrpiaé forest cover changes in the study
area; i.e. degrading conditions under late feudal ®erg regime (1970-1991) and
improving environmental conditions under the Etiaop People’s Revolutionary
Democratic Front (EPRDF) regime (after 1991). Reillg Boserupian theory, extensive
land clearing (deforestation and degradation) pleduring human colonization under
relatively low population densities (i.e. the perib964-1982). When population pressure
then rises, necessity drives farmers to investeitteb land management and agricultural
intensification which results in forest regenematamd an upwards shift of the treeline (i.e.
the period 1982-2015). In the afromontane beltuteton densities were already high in
the first period (1965-1982), which correspondshatperiod of stabilization of the forest
(second phase in the neo-Boserupian framework) tehao).

These answers of the individual research quesatlo® answering the key questions.
Are treelines in the African highlands rising deectimate change? Under the impact of
population dynamics, the treeline in tropical afitpine mountains of North Ethiopia is
primarily anthropo-zoogenic driven. Direct humarstdibance and livestock browsing
shape the spatial and temporal patterns of botlotiest and the treeline. However, apart
from this pressure effect, an upwards shift of tieeline could be observed in isolated
areas (up to 245 m between 1966 and 2014) whipbtentially related to changes in the
mountain climate. Still, more research is requitedfurther disentangle the relation
between tree growth and climate variability.

The second key question about the history of tigé hititude African tropical forests
over the last 50 years is already fully answeredha above questions. In addition, to
understand mountain forest dynamics over the p@sydars a conceptual model is
presented in the thesis. This model integrate$itiery of forest cover, treeline dynamics
and their drivers and at the same time projectsréuscenarios of the vegetation belts
under different land management conditions. Angrated holistic strategy is projected to
be most sustainable. In this approach, protectieasures are foreseen in all successive
vegetation belts at the same time, with specianétin for forest growth at steep slopes
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and near to remaining remnant patches to enhamest fieehabilitation. Quick recovery of
the northern forest in Lib Amba provides evideritat tdegraded forest vegetation would
benefit rapidly from complete protection. Managetnaterventions are therefore vital to
restore the important ecosystem services of maufbaests.

11.6Future research perspectives

In order to improve understanding of the interacti@tween mountain climate aktica
tree growth in Northern Ethiopia, or in the Africanpical mountains, additional research
IS a requisite.

In this study, the complex relation between prewgil climate conditions and
limitations of tree growth are mainly approacheairira climate perspective. Exception is
Chapter 9, in which tree growth is characterizennfrcambial marked stem disks. There
remain many research questions on small-scaleartiens between tree growth and
climate variability. For example, repeated camipaining throughout the vegetation
period could further enhance our insight in treengh at the treeline. In combination with
climate monitoring, this could reveal detailed trgewth-climate interactions (e.g.
Schmitt et al. 2004). An important remaining resbajuestion is ‘at what life stage is tree
growth most sensitive to climate variability?’ Thmajority of the treeline studies focus on
tree life stages beyond seedling establishmeripadfh the greatest mortality occurs to
seedlings (Smith et al., 2009). Microclimatic féetion for seedling establishment is of
key concern for the formation of new forest. Ecapblpgical studies of seedling
establishment would thus greatly improve the urtdaing of tree growth at the treeline
ecotone (Smith et al., 2009). In addition, field asgrements in experimental settings
could also help to further disentangle the ecom®smechanisms of treeline altitude
dynamics (e.g. Hattenschwiler et al. 2002). Sucbhpbygsical studies on the effect of
mountain climate conditions would strongly impraxg understanding of spatial patterns
of the afro-alpine treeline. Moreover on a locallecthe influences of soil biological, soil
physical and soil chemical site conditions are ing@ to explain spatial patterns, but are
not sufficiently considered in the treeline del&teltmeier, 2009).

Repeat photography is proven valuable as a tecan@astudy long-term treeline shifts
in tropical Africa. A large amount of historicalrtestrial photographs could improve the
understanding of forest cover change and treelymauhics in tropical Africa. Moreover,
this could answer the question how the high alatédrican tropical forest changed in the
first part of the 20 century. Such historical landscape photographsirreeasingly
available in major archives and a growing numberlmatraced on the internet (Nyssen et
al., 2014; Hoffman and Rohde, 2011; Webb et afl020
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Besides further research on treeline dynamics, ongat understanding about the
ecosystem services of afro-alpine forests is cltumiaassess the potential effects of
changes in the forest cover. This could help tavenshe question whether the ecosystem
services of the afro-alpine tropical mountains argler threat. Many authors discuss
ecosystem services of mountain forests (e.g. Malt Miehe 1994; Aerts et al. 2002;
Price 2003; Nyssen et al. 2004; Spehn and Liber@@06), but relatively few have
studied these (e.g. Markart et al. 2007).

11.7Management recommendations of the afro-alpine
forests

The prevailing forest conditions for different mgeaent strategies are shown in
Figure 11.4. The completely protected forest of lbethern slope of Lib Amba, with a

high density of trees and a high canopy cover asvshin Figure 11.4A. In Figure 11.4B a
remnantErica forest is shown, with more than 4 m highica trees. This forest is

condemned to disappear since there is no rejua@nafithe forest, due to very intensive
livestock browsing. In Figure 11.4C and D, the higagisturbed dwarf forest of Ferrah

Amba is shown, severe anthropo-zoogenic pressupede tree growth in this forest.
From these examples it becomes clear that foreségtion is necessary, excluding both
livestock browsing and human disturbances.
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Figure 11.4Erica forests under different land management stratedi®ps Lib Amba Mt.
northern forest under protection (20/07/2013); (B) Amba Mt. southern slope
remnant forest under strong livestock browsing gues (17/02/2012); (C,D)
Ferrah Amba Mt. dwarf forest under pressure byslvek browsing and human
disturbances (20/11/2014; 6/10/2012)

A sustainable management strategy must be holiaka)g different vegetation belts in
consideration at the same time, in order to avogdradation in excluded areas.
Simultaneously, in non-protected areas a slopetemé specific grazing management
must be introduced (Mwendera et al., 1997). Ligit enoderate grazing on gentle slopes
can enhance productivity during the active growghniqd, but decrease sharply at very
high grazing pressure, while grazing on steep slagpenost devastating for the vegetation
cover (Mwendera et al., 1997). Moreover, forestetoan steep slopes is also important
for slope stability. Therefore, it is recommendegtimarily protect the steep slopes. This
would not hinder tree growth, sinderica is reported to grow well on shallow soils
(Egziabher, 1988; Chapter 4). Protected areas bmuststalled in the vicinity of remnant
forests for enhanced forest recovery. Such pratectieasures are ideally combined with
a new function for the closed area. In this reg#rd, spectacular mountain environment
and the endemic wildlife species of the Ethiopiaghtands form an important asset for
the attraction of tourists. Ecotourism with comntymparticipation, if well organized, can
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provide local economic benefits while rehabilitgtithe ecosystem and can create
conservation attitude and behavior within the looanmunities (UNEP, 2002). At the
slope of Lib Amba Mountain a tourist lodge has beeoently constructed to attract
tourists hiking in the Abune Yosef Mountains. Howev participation of the local
communities should be enhanced to create more sgoaband environmental benefits
from tourism.

In addition, a switch from traditional biomass tenewable energy sources would
reduce forest dependency of the local communifié® International Energy Agency
estimated that 80% of the people in Africa SoutthefSahara rely on traditional biomass
fuel for cooking, e.g. firewood, charcoal, animaind (IEA, 2010). In Ethiopia, there
have been very large investments in renewable gnevgr the past decades, with the
Grand Ethiopian Renaissance Dam as flagship. Batnatives for traditional biomass
fuels in rural areas are lagging behind (Wolde-@jigy 2002). The continued use of
biomass fuels does not only affect the forest, ddab affects human health and food
security (Gwavuya et al.,, 2012). However, due te firevailing mountain climate
traditional renewable sources of energy are natiefitly applicable; it is too cold for
biogas and there is too much cloudiness in the saison for efficient use of solar
cookers. Alternatively, fuel efficient stoves coudd introduced to reduce the pressure on
the afro-alpine forests (Karekezi and Turyareeb@95). Such improved stoves are
indicated to significantly increase the heat transthile cooking and are available at a
low-cost (MacCarty et al., 2010). The problem iattkhese traditional stoves are also
important as a source of heat during the cold egiOverall, the introduction of green
electricity is probably the best alternative souofeenergy to strongly reduce forest
pressure.
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Samenvatting

Nederlandse samenvatting

Boomgrensdynamiek en veranderingen in het bosareaal het afro-alpiene hoogland
van Ethiopié, zoals beinvloed door klimaatsverand@ngen en antropo-zotgene
invioeden.

Hoofdstuk 1 — Algemene inleiding

Berggebieden maken deel uit van de meest gevoetigeystemen in de wereld (Price en
Egan, 2014) en zijn tegelijkertijd regionaal enlglal belangrijk door hun ecologische,
socio-economische en esthetische waarde (SchildP8)20 De belangrijkste
ecosysteemfuncties van bergen zijn drievoudig: beanlende functies, regulerende en
ondersteunende functies en culturele functies (EOGmen Ohsawa, 2005). Bovendien
spelen de vegetatie- en bodemkarakteristiekenrgglebieden een belangrijke rol voor de
reductie en mitigatie van natuurlijke risico’s (IC2007). Het waterhoudend vermogen
van bosvegetatie in berggebieden is belangrijk \ammregulatie van de hydrologische
balans (Korner en Ohsawa, 2005). Er bestaan sohetti dat bijna de helft van de
wereldbevolking direct of indirect afhankelijk isuv wateropbrengsten uit berggebieden
(Messerli, 2004).

Op dit moment zijn deze kwetsbare berggebiedenrbet® aan een reeks biofysische
en socio-economische drijfveren voor veranderingglusief klimaatsveranderingen.
Veranderingen in het ecologisch evenwicht bedreigien ecosysteem functies van
berggebieden en stellen lokale en regionale germnbappen bloot aan biofysische en
socio-economische risico’'s. Ondanks toegenomen agdmd voor het ecologisch
evenwicht in berggebieden op de internationale @gdBchild, 2008), bestaat er weinig
wetenschappelijk onderzoek over afro-alpiene bosséwet tropisch Afrikaans hoogland.
Deze bossen in het tropisch hoogland zijn nochtaglangrijk voor stabiliteit van de
berghelling en regionaal als een hygrische bufiéielle en Miehe, 1994; Price, 2003).
Bossen in berggebieden spelen een belangrijke oot et opvangen en opslaan van
neerslag, voor het reguleren van oppervlakkigeraist van water, het reduceren van
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bodemerosie en als bescherming tegen overstromiragedverschuivingen en steenval
(Aerts et al., 2002; Miehe en Miehe, 1994). Dezegpebieden zijn ook belangrijk als
biotoop voor biodiversiteit; in het bijzonder inthldoord Ethiopische hoogland is de
endemische soortenrijkdom groot.

De gemiddelde wereldwijde temperatuur is gestegelens de laatste eeuw, een
verandering die in het bijzonder voelbaar is optgrmoogte en hoge latitude. In deze
context van klimaatsveranderingen, is er nood admaekennis over deze kwetsbare
bossen in het tropische hoogland. De boomgren®reeads temperatuurgevoelig en dus
potentieel beinvioed door de opwarming van het &titnHoltmeier en Broll, 2007). Het
aantal studies met betrekking tot de boomgrensdigiain de tropen neemt toe (Bijv.
Bader, 2007; Wesche et al., 2008; Sassen et dl3) 2haar de tropische boomgrens blijft
relatief weinig bestudeerd in vergeliking met sésd naar boomgrensdynamiek op
noordelijke latitudes (Holtmeier en Broll, 2007).

De primaire doelstelling van dit proefschrift is omoomgrensdynamiek en
veranderingen in het afro-alpiene bosareaal in dldtthiopié sinds het midden van de
twintigste eeuw te bevatten. Algemeen worden valgemwee onderzoeksvragen gesteld:

- Is de boomgrens in het tropisch Afrikaans hooglaad het opschuiven naar
boven ten gevolge van klimaatsveranderingen?

- Hoe is het afro-alpiene bosareaal in tropisch Afreranderd over de laatste 50
jaar?

Deze kernvragen werden opgedeeld in sub-vragemtweard in de individuele
hoofdstukken:

- Is de boomgrens in het tropisch Afrikaans hooglaah het opschuiven?
(Hoofdstuk 2)

- Kunnen periglaciale afzettingen gebruikt worden @aleoklimatologische
condities te reconstrueren in het Noord Ethiopidubegland? (Hoofdstuk 3)

- Wat is het effect van beschermingsmaatregelen dpsiegnomie van het afro-
alpieneErica arboreabos? (Hoofdstuk 4)

- Zijn de afromontane en afro-alpiene bossen afgenotijgens de afgelopen
halve eeuw? (Hoofdstuk 5 en 10)

- Heeft de vestiging van het Nationaal Park in hehe3i gebergte een invioed
gehad op het bosareaal? (Hoofdstuk 6)

- Kunnen “Rainfall Estimates” (RFE) gebruikt wordem aeerslagpatronen te
bestuderen in the tropisch hoogland van Afrika?dfidstuk 7)

- Hoe beinvloeden microklimaatsomstandigheden deigrae Erica arborea
bomen aan de boomgrens in het Noord Ethiopischlandg (Hoofdstuk 8)

- Is de groei varErica arboreabomen gevoelig voor klimaatsveranderingen?
(Hoofdstuk 9)

- Wat is het effect van landgebruikspatronen op \a&gmterandering in het
Noord Ethiopisch hoogland? (Hoofdstuk 10)
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Het studiegebied bestaat uit drie berggebiedereiNlmord Ethiopisch hoogland. Het
Simen gebergte (13°16’N, 38°24’E, 4540 m), Lib An{thd°04’N, 39°22’E, 3993 m) deel
van het Abuna Yosef massief en Ferrah Amba (12°53WN30’E, 3939 m). Deze drie
bergen hebben een piek boven de huidigea vegetatie zone tussen 3200 en 3700 m
boven het zeeniveau.

Referenties zie hoofdstuk 1

Deel 1

In Deel 1 van dit proefschrift worden (i) de stamdn zaken met betrekking tot
boomgrensdynamiek in het tropisch Afrikaans hooglen (ii) de ecologische context van
het studiegebied besproken in drie hoofdstukken.

Hoofdstuk 2 — Boomgrensdynamiek in het tropisch Afikaans hoogland: het
identificeren van drijfveren en veranderingen

Afro-alpiene bossen verzorgen belangrijke ecosystiensten in het kwetsbaar milieu
van het tropisch hoogland. De temperatuurgevodiigemgrens is potentieel belangrijk
als proxy voor klimaatsveranderingen in de trodandit hoofdstuk worden de factoren
geévalueerd die een potentiéle invloed hebben dmdmgrens in het tropisch hoogland.
Ondanks recente temperatuurstijgingen is de boamgreet gestegen in het tropisch
Afrikaans hoogland. Dit komt door een sterke majkeelimpact die zorgt voor een
stabilisatie en zelfs een verlaging van de boonsgyrender de natuurlijke klimatologische
grens. De belangrijkste drijfveren voor verandeuijg voornamelijk vegetatiebranden en
antropo-zotgene druk, begrazing in het bijzondande perioden van droogte kunnen
een “trigger” vormen voor ontbossing ten gevolga vagetatiebranden en een verlaging
van de boomgrens. Ook vulkanische activiteit kan petentiéle invioed hebben op de
boomgrens in vulkanische gebieden. In het algenbeschouwd, kan de boomgrens dus
niet gebruikt worden als een proxy voor klimaataneleringen in het tropisch Afrikaans
hoogland.

Hoofdstuk 3 - Geomorfologie en paleoklimatologischsignificantie

Geomorfologisch onderzoek en een detailkarteringh Mauidige en historische
peri(glaciale) landvormen is noodzakelijk om de aoip van klimaatanomalieén te
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begrijpen. De Ethiopische hooglanden tonen eenegvatiatie in het hedendaagse en
historische klimaat en dus in het voorkomen varcigla en periglaciale landvormen.
Desalniettemin zijn slechts enkele berggebiedentudesrd en bestaan er geen
gedetailleerde karteringen. Om een gedetailleexdenstructie toe te laten van de impact
van historische glaciale activiteit op de geoma@e, de vegetatie en van de
temperatuurs-anomalieén werd een gedetailleerdm@dologische kaart opgesteld voor
drie berggebieden: Ferrah Amba, 12°51’'N 39°29’'Eb lAmba, 12°04’'N 39°22’; en
Abuna Yosef, 12°08’'N 39°11'E. In alle drie de beszbgeden werden inactieve
solifluctielobben teruggevonden die naar alle wetajslijkheid gedateerd kunnen worden
naar het Laatste Glaciale Maximum (LGM). In de owigg van de hoogste piek, de
Abuna Yosef piek, werden drie plaatsen met potehtimorenemateriaal van een kleine
laat Pleistocene gletsjer geobserveerd. Deze naegmletsjers kwamen voor onder de
gemodelleerde sneeuwlijn, onder Ilokale topograéskimatologische micro-
omstandigheden. Bewijs voor het voorkomen van lavgavoede gletsjers in Ethiopié (en
Afrika) is nog niet eerder gepubliceerd. De huidigerstactie is gelimiteerd tot
vorstbarsten en kleinschalige polygonale vorststinren. Veranderingen in de
hoogtegrens voor periglaciale en glaciale procesgadens de laatste koude perioden
werden bestudeerd aan de hand van het voorkomen peaiglaciale en glaciale
landvormen. De depressie van glaciale en peridldcagtezone met bij benadering 600
m komt overeen met een temperatuurdaling van Gtens de Laat Glaciale periode.
Deze studie vormt een voorbeeldstudie voor allermediaire berggebieden (3500-4200
m) in het Noord Ethiopisch hoogland.

Hoofdstuk 4 — Fysiognomie van de afro-alpiene bosseonder verschillende
groeicondities in het Noord Ethiopisch hoogland

In het algemeen is bosmanagement in Afrika tenezuihn de Sahara gelimiteerd door
onvoldoende kennis over de conditie en structuarde bossen. In dit hoofdstuk, wordt
de status en structuur van Heica arboreaboomgrens bestudeerd onder verschillende
condities in het Noord Ethiopisch hoogland. Eengeéjking wordt gemaakt tussen (i)
minimaal gekapte bossen in Lib Amba en maximaabgekbossen in Ferrah Amba en
(ii) de groei van bomen centraal in het bos endmaan stress blootgestelde boomgrens.
De status van het bos wordt beschreven aan de Vanéen verkennend onderzoek in
verschillende plots. In deze plots worden versehde parameters van de bomen
opgemeten en gebruikt voor het berekenen van derdggraad van het bladerdak, het
grondvlak, de hoogte-diameter-coéfficient en deohkraatio. De structuur van de
boomgrens werd geanalyseerd aan de hand van tranegogen doorheen de boomgrens
ecotone en door een sigmoidale functie te ploteamteeen de relatie tussen de hoogte van
de boom en de hoogte op de berghelling. Dit ver&adronderzoek toont aan dat het bos
in Ferrah Amba sterk verstoord is, een groot adndaede bomen zijn gekapt (ca. 30%)
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en meer dan 50% van de bomen zijn beschadigd. Klendisgraad van het bladerdak is
laag en de gemiddelde boomhoogte is lager dan tmeter. Dit is het resultaat van
continue antropo-zodgene druk, die ervoor gezorgefthdat het bos in Ferrah Amba
gedegradeerd werd tot een dwerg-bos. Daarentegbbeh de beschermingsmaatregelen
in Lib Amba een succesvol effect op de status \&rbbs. De gemiddelde boomhoogte is
er meer dan twee meter, de boomdensiteit is bijtdoel en de bedekkingsgraad van het
bladerdak is meer dan 50%. Op de boomgrens komeaneer Erica bomen voor op
solifluctielobben dan in de nabijgelegen depresdies gevolge van competitie. Deze
studie toont de nood aan voor betere beschermiragsegelen in Ferrah Amba, in het
bijzonder op steile hellingen, om zodoende een umbjii herstel van het bos te
bevorderen. Het herstel van dit afro-alpiene bobekangrijk voor de verderzetting en
verbetering van de vitale ecosysteemdiensten dibdseverzorgt.

Deel 2

In Deel 2 van dit proefschrift worden de verandgeim in het bosareaal en de boomgrens
bestudeerd voor twee voorbeeldstudies, op basis uahtfoto’'s, historische
landschapsfoto’s en satellietbeelden.

Hoofdstuk 5 — Afro-alpiene boomgrensdynamiek en armontane veranderingen van
het bosareaal sinds het begin van de twintigste eguLib Amba

Hoog-alpiene bossen zijn belangriik voor het lewsaerhoud van lokale
gemeenschappen in het kwetsbare milieu van de bdicblkte tropische hooglanden.
Desondanks heeft de mens een directe impact opasysteemfuncties van bossen door
de graasdruk van veeteelt, vegetatiebrand en houtk®e temperatuurgevoelige
boomgrens is weinig onderzocht in de tropen in &giking met boomgrenzen op hogere
noordelijke latitudes. In deze studie wordtEieca arboreaboomgrens bestudeerd in Lib
Amba (12°04’'N, 39°22’E, 3993 m) deel van het Aburesef massief in het tropisch
hoogland van Noord Ethiopia. De huidige boomgrenbet bosareaal werd gekarteerd op
basis van hoge resolutie satellietbeelden van @owglps en veldgegevens (2010-2013),
terwijl het historische bosareaal gekarteerd werdasis van luchtfoto’s (1965-1982) en
herhalingsfotografie (1917-2013). De luchtfoto’s stellietbeelden werden geometrisch
gerectificeerd en geclassificeerd in bos/niet-bosilke kaarten. De binaire bos lagen
werden vervolgens gebruikt om veranderingen inbostareaal en in de boomgrens te
detecteren aan de hand van beeldvergelijking tudsadrie tijdslagen (1965-1982-2010).
Deze kaartenlagen en de herhalingsfoto tonen aarerdawee periodes waren van
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ontbossing (1917-1965 en 1982-2013), terwijl hedaeaal stabiel was tussen 1965 en
1982. In het bijzonder in de periode tussen 1982041® was er een sterke ontbossing van
het bosareaal, geassocieerd met een beschermirtgevvafro-alpiene bos en een toename
van de bevolking van 77 tot 153 inwoners per viet&&ilometer. Er is significant bewijs
dat deErica arboreaboomgrens gestegen is met 7 tot 15 verticale ntessen 1965 en
2010, in een gebied met dalende antropo-zodgere dru

Hoofdstuk 6 — Landgebruiksveranderingen in het Sime gebergte (Ethiopié), een
halve eeuw na de oprichting van het Nationaal Park

Het Simen gebergte herbergt verschillende bedresggdamheemse wilde dieren en biedt
verschillende belangrijke ecosysteemdiensten. Meaianks het regionale ecologische
belang, werd het Simen gebergte opgenomen in stevn het bedreigde Werelderfgoed
sinds 1997. Dit leidde tot de noodzaak voor eettuati@ van landschapsveranderingen in
het Simen gebergte. Landschapsveranderingen wéettndeerd van voor de oprichting
van het Nationaal Park in het Simen gebergte in9196et behulp van historische
terrestrische landschapsfoto’s (1966-2009). Hembafoto’s werden genomen in 2014 en
geanalyseerd aan de hand van een expert ratingegysnet acht correspondenten. Een
toename van het bos werd geobserveerd in de onggeaim Sankaber en Imet Gogo (20-
40%). Maar in de omgeving van Gich is het bosaraggnomen met een snelheid van -
1.41% per decade. Er is geen significant effecO(@5) van de grens van het Nationaal
Park op veranderingen in de houtige vegetatie, denrcontinue antropo-zodgene druk in
het Nationaal Park. De snelheid van veranderingdivook niet beinvioed door andere
biofysische (hoogte) of sociale factoren (afstasicstout kampen). Maar, de densiteit van
huizen binnen een straal van 2.2 km, als een pvoxy de menselijke druk, verklaart
32% van de ruimtelijke variatie van de afname irutlye vegetatie (p<0.05). Zes
herhalingsfoto’s tonen een stijging van de boomgreret meer dan 1 m per jaar in
gebieden met een lage antropo-zodgene druk. Dppoientieel gerelateerd met een
opwarming van 1.5°C over de afgelopen 50 jaar.dhdigemeen is een verdere afname
van de antropo-zodgene druk noodzakelijk om eeununigk herstel van de afro-alpiene
vegetatie toe te laten en de habitat van de betireiglde dieren te herstellen in het
Simen gebergte.
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Deel 3

In Deel 3 van dit proefschrift worden de belangtgdrijfveren voor veranderingen in het
afro-alpiene bosareaal en in de boomgrens besui@@er de hand van multidisciplinaire
methoden.

Hoofdstuk 7 — Evaluatie van spatio-temporele neerat variabiliteit in een tropisch
berggebied (Ethiopié) op basis van NOAAs satellieafgeleide neerslag schattingen
(RFE)

Seizoensgebonden en jaarlijkse variatie in neerklg enorme economische schade
veroorzaken voor lokale landbouwers en veehoudézt alleen vanwege beperkte totale
neerslaghoeveelheden, maar ook vanwege lange geygelen tijdens het regenseizoen.
Het semi-droge tot subhumide bergklimaat van hebrtoEthiopisch hoogland is
bijzonder kwetsbaar voor variabiliteit in neersldg. dit hoofdstuk, worden spatio-
temporele neerslagpatronen geanalyseerd op eamadgjischaal in het Noord-Ethiopisch
hoogland met behulp van satelliet-afgeleide negrskhattingen (RFE). Omdat er een
zwakke correlatie bestaat in het droge seizoesetuse RFE en de neerslag gemeten in
de Meteorologische Stations (MS), wordt enkel dgemnwal van maart tot september
gebruikt, verantwoordelijk voor ca. 91% van de ljgese neerslag. Een lokale kalibratie
van de RFE data met neerslagstationsgegevens vesmidgerd als techniek om de
neerslagsvoorspelling van RFE te optimalisererem regionaal bergachtig studiegebied.
Hellingsgradiént, hellingsoriéntatie en hoogte hebheen significante meerwaarde voor
een lokale kalibratie van de RFE. De schatting darmaandelijkse neerslag verbeterde
met gemiddeld 8% op basis van het kalibratiemo@elbaseerd op het kalibratiemodel
konden jaarlijkse neerslagkaarten en een gemiddsileyetenkaart voor de periode
1996-2006 opgesteld worden. Hellingsgradiént, mg#lorientatie, hoogte, noordwaarde
en oostwaarde werden geévalueerd als verklarend®réa voor de ruimtelijke
variabiliteit van de jaarlijkse neerslag in eermpstgewijze meervoudige regressie met het
gekalibreerde gemiddelde van RFE 1.0 als afhahkkeNariabele. De oostwaarde en
noordwaarde hebben een significante invloed opuaetelijke spreiding van de neerslag
(R2: 0,86), met de oostwaarde als belangrijkstéofa@R2: 0,72). De spreiding rond de
individuele trendlijnen van oostwaarde en noordweavertonen een stijging van de
neerslag variabiliteit in de drogere gebieden. [@ebgterde schatting van de spatio-
temporele variabiliteit van neerslag in een berggopebied van RFEs is waardevol als
input voor een breed scala aan wetenschappelijkdellem, maar neerslag in het
zuidelijke bergachtige deel van het studiegebigtt bhderschat.
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Hoofdstuk 8 — Microklimaat condities voor Erica arborea groei aan de boomgrens in
het Noord Ethiopisch hoogland

Microklimaat condities in het tropisch Afrikaansdgtand zijn bepalend voor de groei
van de vegetatie en het afro-alpiene bos aan dedpems. In dit hoofdstuk, worden de
bepalende factoren van het microklimaat in bergegem bestudeerd voor de afro-alpiene
Erica arboreaboomgrens voor twee bergketens in Noord-Ethiopié:Amba, deel van
het Abune Yosef massief, en Ferrah Amba. Neer&labt-, grond- en bodemtemperatuur
werd gemeten tussen maart 2012 en oktober 201ékmlel meteorologische stations
geinstalleerd langs de helling van deze bergketddserslag en grond- en
bodemtemperatuur hebben geen significante relage da hoogte. Neerslag volgt een
bimodaal neerslagpatroon met een onbetrouwbaam kiegenseizoen (maart-mei)
voorafgaand aan het regenseizoen (juni-septemti2e). bodemtemperatuur wordt
beinvioed door de vegetatie en de inkomende siraldle bodemtemperatuur (op -12 cm)
in beboste gebieden is gemiddeld 1,8 °C koudeergelijking met niet-beboste gebieden.
Dit kan een positief feedback effect veroorzakenrdeet bos, omdat de beschuttende
zaailingen in het bos beschermd zijn tegen dagelijkuctuaties in de bodemtemperatuur.
Luchttemperatuur is sterk gerelateerd met de hoodle gemiddelde verticale
temperatuurgradiént in het studiegebied is 0,7%&€100 m. De lucht temperatuur werd
aangeduid als de belangrijkste limiterende factoorvde boomgrens in het Noord
Ethiopisch hoogland. De boomgrens ligt momente@l d@ter onder de klimatologische
potentiéle limiet en zal naar verwachting 150 mjgsh in associatie met een
klimaatsopwarming van 1 °C.

Hoofdstuk 9 — De reactie van de groei vaRrica arborea op klimaatveranderingen in
het afro-alpiene tropische hoogland van Noord-Ethipié

De belangrijke ecosysteemdiensten van de afrorapieopischeErica arboreabossen
staan onder toenemende ecologische en menselijke De Erica boomgrens ecotone in
het Ethiopisch hoogland vormt een temperatuursdiepogegetatiegrens, die potentieel
getroffen wordt door klimaatveranderingen. Het cambvan tienErica arboreabomen
uit Lib Amba werd gemarkeerd in 2012 en bemonstexdd98 dagen. Microfoto’s van
deze cambiale markeringen bevestigen de vormingaamingen (0,76 £ 0,24 mm) met
een hogere dichtheid van de vaten in het vroeghoutadiaal afgeviakte vezels in de
laatste lagen van het laathout. In-continuim metingan de grootte en dichtheid van de
vaten op microfoto’s tonen de vorming van interjgese dichtheidsfluctuaties (IADFS)
aan, gerelateerd met vroege regenval in de penuwait-mei. Dezelfde stamschijven en
40 boorkernen werden gebruikt voor een gedetaille@nalyse van de groeiringen, met
als resultaat een groeiring-chronologie met 18 bowvmor de periode 1966-2014. Een
significant (p <0,1) positieve correlatie met denmMmumtemperatuur in het groeiseizoen
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(augustus) en een negatieve correlatie met de mmtemperatuur in het Azmera seizoen
(maart) werden aangetoond als de belangrijkstdesgnde klimaatfactoren voor de groei
van Erica bomen in het afro-alpiene bos. De aanwezigheidjaarijkse boomringen en
de aangetoonde chronologie, geven de mogelijkhgden groeiring analyses vdfrica
arborea aan alsook hun link met klimaatveranderingen in &feo-alpiene tropische
hoogland.

Hoofdstuk 10 — Landgebruik en landbezettingsverand@gen sinds 1964 in de afro-
alpiene vegetatiegordel van Noord Ethiopié

De mens heeft een belangrijke impact op het laragscidoor veranderingen in
landgebruik en landbedekking (LGB). Deze verandgmvormen een bedreiging voor
de kwetsbare ecosysteemdiensten van de tropischalpfene vegetatie. Verschillende
LGB verandering studies zijn beschikbaar voor h#tidpisch hoogland, maar er is
relatief weinig bekend over LGB verandering in de-alpiene zones. In dit hoofdstuk
werden LGB veranderingen tussen 1964 en 2012 irt ggdracht voor de afro-alpiene
zone van Lib Amba, deel van het Abune Yosef massibloord-Ethiopié. Het historische
LGB werd afgeleid van gegeorefereerde luchtfot@a 1964 en 1982, en het huidige
LGB (2012) van Bing Map satellietbeelden. Op basas deze opeenvolgende LGB
kaarten werden een tijdsdiepte kaart, LGB propeytleGB transitie matrices en LGB
veranderingstrajecten berekend. Twee belangrijlsesfarvan LGB verandering zijn te
onderscheiden, gekoppeld aan het “neo-Boserup geisfi. (i) Tussen 1964 en 1982
was er een grootschalige ontbossing en algememadige van de vegetatie boven de
3500 meter, in een periode van lage bevolkingsdiipkiussen 1982 en 2012, was er een
intensivering van het landgebruik gepaard met egt herstel van de vegetatie en de
Erica arboreabossen, onder verhoogde druk van de bevolkingotBimterviews hebben
aangetoond dat lokale en gouvernementele beheesgakin belangrijk zijn als
bescherming tegen degradatie van de vegetatiguiting van de bodem. Een succesvol
herstel van het bos op Lib Amba biedt vertrouwen gedegradeerde afro-alpiene
gebieden in een korte tijd kunnen herstellen ondéedige bescherming, in de nabijheid
van resterende natuurlijke afro-alpiene vegetdfianagement interventies zijn dus van
vitaal belang om de belangrijke ecosysteemdiensten de afro-alpiene vegetatie te
herstellen.

305



Samenvatting

Deel 4

In Deel 4 van dit proefschrift wordt een algemeemaeptueel model voorgesteld dat
veranderingen in de afro-alpiene vegetatie in hebrN Ethiopisch hoogland helpt
begrijpen en worden de belangrijkste resultateprogen.

Hoofdstuk 11 — Algemene discussie en besluit

De belangrijkste resultaten werden gebundeld inagemeen conceptueel model voor
veranderingen van de boomgrens en het bosarehat tnopisch Afrikaans hoogland. Een
neo-Boserup en politiek-ecologisch perspectief wordjecombineerd voorgesteld als
belangrijkste drijfveren van verandering van hetdyeaal. Het conceptueel model geeft
een verklaring voor de historische veranderingende@boomgrens en het bosareaal sinds
1964 en biedt 3 verschillende toekomstige scermoder diverse beheersvormen van
non-beheer tot volledige bescherming van het bes.nkbdel werd succesvol gevalideerd
aan de hand van een voorbeeldstudie: het Guna giebebDesondanks zijn er
verschillende beperkingen aan het model: beperktedgieke data, geen bos transitie
scenario, te veel nadruk op een temperatuur gelarde boomgrens. De opgedeelde
onderzoeksvragen uit hoofdstuk 1 werden beantwaworde verschillende individuele
hoofdstukken. Deze antwoorden laten toe om de tweeédvragen van het onderzoek te
beantwoorden. (i) Zijn boomgrenzen in het Afrikatio®gland gestegen ten gevolge van
klimaatveranderingen? Onder invloed van een sterkstijgende bevolkingsdruk op het
landschap, is de boomgrens in het tropisch afriadpgebergte van Noord-Ethiopié niet
gestegen. Integendeel, de boomgrens is, in heimalge, antropo-zodgeen gedreven en
gelimiteerd onder de natuurlijke Kklimatologischeemg. Rechtstreekse menselijke
verstoring en begrazing door veeteelt vormen dentelijke en temporele patronen van
het bosareaal en de boomgrens. In geisoleerde dgebiebeschermd tegen deze
bevolkingsdruk, is er een opwaartse verschuivingrg@nomen van de boomgrens (tot
245 m tussen 1966 en 2014), die potentieel samghhaet veranderingen in het
bergklimaat. Meer onderzoek is noodzakelik om d&atre tussen boomgroei en de
variabiliteit van het klimaat beter te begrijpen) Hoe is het afro-alpiene bosareaal in
tropisch Afrika veranderd over de laatste 50 jdar@e fasen van vegetatieveranderingen
kunnen worden onderscheiden voor de afro-alpiergetadiegordel. Een periode van
ontbossing en degradatie tussen 1964 en 1982 epez@me van stabilisatie en herstel
van het natuurlijk bos tussen 1982 en 2015. De nigdende afromontane bosgordel
heeft een tegengestelde verandering doorgemaakt,gévolge van het secundair
ontbossingseffect. De drijfveren voor deze veranden kunnen begrepen worden
binnen een politiek-ecologisch context en een neseBup perspectief. Een geintegreerde
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holistische beheersaanpak is vitaal voor het bettowah herstellen van de belangrijke
ecosysteemdiensten die geleverd worden door deaffifene bossen.
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Appendix A

Appendix A contains the Geomorphological map of @ba3 with focus on glacial and
periglacial landforms, subdivided in three shekils:Amba Mountain, Ferrah Amba and
Abune Yosef Mountains and the geomorphologicalrege
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