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Zusammenfassung

Zur Rekonstruktion der jungquartdren Landschaftsentwicklung am Kilimanjaro werden Sedimente
aus Paldobdéden am Mt Kilimanjaro untersucht, um die lokale und regionale Okosystem-, Klima-,
Feuerdynamik in einem gréBeren Rahmen zu verstehen. Desweiteren soll die Reaktion der
Okosysteme auf Umweltverdnderungen erforscht werden, um die Beziehungen verschiedener
Okosysteme und ihre Rolle hinsichtlich der Entwicklung von ,Biodiversity Hot Spots“ in Ostafrika
aufzudecken. Die Ergebnisse tragen zu einem besseren Verstandnis der heutigen und zukinftigen
Dynamik von Okosystemen bei. Sie sind auRerdem eine wichtige Grundlage im Naturschutz, da sie
bedeutende Informationen fiir die Aufrechterhaltung und das Management der hohen Biodiversitat

in den ostafrikanischen Hochlandern liefern.

Die Durchfiihrung von paldodkologischen Untersuchungen ist unerlasslich, da die Prozesse der
Vergangenheit eine wichtige Rolle bei der Entwicklung der Okosysteme und Biodiversitit spielen. Die
vorliegende Arbeit erforscht die spatquartare Vegetation-, Klima- und Feuerdynamik am Kilimanjaro,
um das Verstindnis der dortigen Okosystem zu vertiefen. Sowohl Pollen als auch weitere Klima-
Proxies von zwei Sedimentkernen werden analysiert, um die Vegetationsdynamik vom friihen
Spatglazial bis heute zu rekonstruieren und die jeweiligen EinfluRfaktoren aufzudecken. Die
Ergebnisse vom Maundi Krater, welcher auf 2780 m Hohe am sidostlichen Hang des Kilimanjaros
gelegen ist, stellen eines der langsten, terrestrischen Klimaarchive im tropischen Ostafrika dar, und
ermoglichen den Einblick in fast 100 000 Jahre Vegetations- und Klimageschichte. Das WeruWeru
Palaobodenprofil aus dem montanen Waldgiirtel am Kilimanjaro ermdoglicht die detaillierte
Rekonstruktion der Reaktionsdynamik der Vegetation auf Verdnderungen in der Umwelt. Die
Ergebnisse beider Untersuchungen zeigen, dass Klimaverdanderungen zu einer Verschiebung der
montanen Vegetationsgiirtel entlang des Hohengradienten des Mt Kilimanjaro gefiihrt haben. Das
Pollenarchiv des WeruWeru Profils dokumentiert starke Verdnderungen in den hochsten
Vegetationglirteln, dem Erikaglrtel und dem oberen montanen Wald. Trotz markanter
Klimaveranderungen scheint Mt Kilimanjaro aber auch als eiszeitliches Refugium fiir Waldarten
gedient zu haben. Feuerereignissen spielten hinsichtlich der Ausbildung des Erikagirtels eine
entscheidende Rolle. Hinweise auf verstarkte menschliche Aktivitaten kdnnen an keinem der beiden

Untersuchungsstandorte festgestellt werden.

Die Pollenregen-Studie entlang des Hohengradienten am Kilimanjaro zeigt, dass es sehr entscheidend
ist, die quantitative Beziehung zwischen Pollen-Niederschlag und moderner Vegetation zu
untersuchen, um die Rekonstruktionen der Vergangenheit zu kalibrieren. Die Ergebnisse ermdglichen
eine weitaus prazisere Interpretation der Vegetations- und Klimarekonstruktionen im tropischen

Ostafrika.



Summary

Sediments of buried soils from different key areas at Mt Kilimanjaro are studied to reconstruct
former and to predict future landscape dynamics on Mt Kilimanjaro. This contributes to a better
understanding of local and regional ecosystems, climate, fire and soil dynamics in a larger context,
ecosystem dynamics and their reaction on environmental changes, connections and disjunctions of
different ecosystems and their role for the development of the biodiversity hot spots in East Africa.
Mt Kilimanjaro represents one of the global centres of vascular plant diversity. It is one of the most
biodiverse regions on earth. Despite the innate value and importance of the existing ecosystems, we
are confronted with the progressing endangerment of these largely unexplored habitats. The
implementation of palaesoenvironmental studies is crucial since past processes play a major role in
the development of ecosystems and biodiversity. In the present study, investigations of late
Quaternary vegetation, climate and fire dynamics are carried out in order to gain a deeper

understanding of modern and future ecosystem dynamics.

Palynological and multi-proxy analyses of two sediment records are used to reconstruct past
vegetation dynamics and to reveal influencing factors. The pollen, charcoal and sedimentological
record from the Maundi Crater, located at 2780 m elevation on the south-eastern slope of Mt
Kilimanjaro, is one of the longest terrestrial records in equatorial East Africa, giving an interesting
insight into the vegetation and climate dynamics back to the early last Glacial period. The WeruWeru
pollen record from a montane forest site at 2650 m provides detailed reconstruction of the
vegetation response to environmental changes during the Late Glacial and the Holocene. Our results
suggest that past climate change caused the vegetation belt to shift along the elevational gradient.
The pollen archives reveal shifts in the upper vegetation zones (ericaceous zone and montane forest
zone) of at least 1100 m but underline the role of Mt Kilimanjaro as a glacial refuge for montane
forest species similar to that of the Eastern Arc Mountains. Fire played an important role in
controlling the development and elevation of the ericaceous zone and the tree line around Maundi
crater. During the Holocene no anthropogenic impact can be observed, since neither higher fire

activity nor a spread of hemerophilic plants is recorded.

The modern pollen-rain study along the elevational gradient on Mt Kilimanjaro reveals that it is
crucial to establish a modern pollen-rain — vegetation relationship for the calibration and
interpretation of a fossil pollen record from a mountain site. The results facilitate the confident use
of fossil pollen data to reconstruct more precisely potential vegetation and its dynamics in East
African montane forests and also to refine past climate reconstructions in this region for a more

accurate comparison of data and modelling.



Chapter 1

General Introduction

The Tropics are currently the region most influenced by the rapid population growth and the
profound changes in land use. Also from a climate point of view the tropical areas are very sensitive
and they play a key role in understanding the globe’s present and past climate phenomena
(Thompson et al., 2002). During the past decades tropical ecology has become an important focus of
scientific research. In order to understand and assess the development as well as trends of the
present vegetation under changing environmental conditions, it is inevitable to unearth the

vegetation and climate history.

Why do we investigate the palaeoecology and palaeoclimate in the Tropics?
The role of the Tropics in palaeoecological research has gained strong interest in the past decades.

This was especially motivated by advances in tropical environmental and climate dynamics on the
one hand, and the emergence of questions calling attention to the role of the Tropics in
palaeoecology on the other hand. Three properties of the tropical vegetation and climate dynamics
are of particular importance in palaeo-research (Chiang, 2009): the sensitivity of the tropical
ecosystems and climate to change, the ability of tropical systems to reorganize and the ability of the

tropical climate to project its influence globally.

A major part of the tropical climate’s sensitivity can be attributed to the nature of tropical moist
convection. This convection is extremely sensitive to the prevailing climatic conditions. According to
Pierrehumbert (2000) it is rather instable and responds rapidly to the changing environment. It is
mainly the margins of convective regions, i.e. the boundary between convecting and non-convecting

zones that are most sensitive to change (Lintner and Neelin, 2007). The position of convective zones
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in the Tropics is extremely sensitive to spatial gradients in sea surface temperature (SST) (Chiang and
Koutavas, 2004) and is controlled by the inter-hemispheric gradient in tropical SST. A change of only
1 Kelvin in the gradient influences the migration of the Intertropical Convergence Zone (ITCZ)

sufficiently to have severe implications for rainfall patterns (Hastenrath and Heller, 1977).

This sensitivity of the tropical convective climate can be translated into a larger context: the
sensitivity of regional tropical climates to change. One example of regional climate variations that are
highly sensitive to changes is the African and Asian monsoon. Particularly the monsoons display
extreme year to year excursions. Tropical SST conditions over the neighbouring oceans — the tropical
Atlantic for the West African monsoon and the Indian ocean for the Asian monsoon — are understood

to influence the development of the monsoon and its large-scale circulation (Xie, 1999).

The tropical convection itself and the global convection cells communicate, or teleconnect, tropical
climate changes to the extra-tropics (Hoskins and Karoly, 1981). Teleconnections are correlation
patterns of large—scale atmospheric circulations which involve precipitation and temperature
relationships. When considering the force of SSTs for extra-tropical teleconnections, the spatial
gradients of tropical SSTs are much more important that the magnitude of SST changes since they are
responsible for shifts in convection centres. Thus, the Tropics play an important role of globalizing
climate change. The most pronounced response of the tropical hydrological cycle during stadials
during the last Glacial was a major decrease in the Asian and West African monsoon (Wang et al.,
2001; Weldeab et al., 2007). This demonstrates clearly that changes to tropical climate do usually not

stay confined to the Tropics.

It is widely established that climate is a major determinant of vegetation structure and ecosystems
function, but the extent to which vegetation influences climate is far less certain (Hoffmann and
Jackson, 2000). Because plants are the primary source for water and carbon flux between the land
and atmosphere, vegetation has an important role in the climate system. This role has been
particularly well documented in the lowland Tropics, where several modelling studies have
demonstrated that large-scale deforestation may lead to decreased precipitation and increased
temperature (Dickinson and Kennedy, 1992; Polcher, 1995; Zhang and Henderson-Sellers, 1996; Lean
and Rowntree, 1997).

The large annual fluxes of carbon between terrestrial ecosystems and the atmosphere make these
systems especially prone respond to climate changes and to influence the global carbon balance
(Schuur, 2003). It is still under on-going debate whether tropical forests are currently sequestering
carbon (Grace et al., 1992; Keller et al., 1996; Mabhli et al., 1998; Phillips et al., 1998; Clark, 2002), and

how these ecosystems will respond in the future to global climate change (Kindermann et al., 1996;

8



Braswell et al., 1997; Cox et al., 2000). Determining the sensitivity of tropical ecosystems to climate is
critical for understanding their potential for carbon cycling and the response to changes in
temperature, precipitation, and other factors such as CO, fertilization.

Climatic changes may also have tremendous effects on species distributions and the functioning of
ecosystems. We will not be able to predict these effects with certainty, but a better understanding of
the ecosystems will improve and refine our predictions. The effects of climate change are expected
to be particularly pronounced in mountain areas (Price, 2005). The alpine ecosystems are the most
conspicuous ecotones in mountains worldwide and they are to a great extent controlled by climate.
Therefore these ecosystems have been proposed as potential indicators for the response of
ecosystems to climatic change (Smith and Young, 1987; Slaytor and Noble, 1992), and they can serve
as indicators of past and present climatic trends (Van der Hammen and Cleef, 1986; Kupfer and
Cairns, 1996).

The main effect of the expected rapid climate change (IPCC, 2007) at landscape scales will be
changes in the geographical patterns and environmental gradients that will immediately alter the
function of ecosystems; in the long term, this will determine the future extent of vegetation types
and their biodiversity (Hughes, 2000). Although the degree of climate change is predicted to be
largest at mid and high latitudes, the impact of climate change in the Tropics will also be significant
and alter both the function (Silver, 1998) and distribution of vegetation types. Depending on the
degree of climate change and the sensitivity of ecosystems, these changes will significantly impact

the biodiversity (Markham, 2012).

The investigation and reconstruction of former vegetation dynamics unravels the ecosystem
responses to climate change in the past and adds to the understanding of the state and functioning
of today’s ecosystems. Further, this knowledge will allow for a more refined and comprehensive

prediction of future changes in biodiversity and bio geographical patterns.

Our understanding of vegetation in the past comes mainly from the examination of macrofossils (e.g.
wood and leaves) and microfossils (e.g. pollen and spores) found in sedimentary records. The
potential for microscopic fossils to provide an insight into past vegetation change on a landscape
scale was pioneered by Von Post (1916) and has been subsequently used to understand changes in
vegetation and biodiversity patterns as well as to address conservation issues (Willis et al., 2007). The
analysis of fossil pollen and spores (palynology) is now widely used to answer ecological questions
linking past vegetation and environmental change as well as its response to the occurrence of fires,

human impact and animal activity.


http://en.wikipedia.org/wiki/Lennart_von_Post

Palynology - some general aspects on methods and applications

Palynology is defined as the "study of dust" (Greek: maAUvewv/palynein - to scatter) or "particles that
are strewn" (Faegri and Iversen, 1989). It is one of the most widely used research tools in Quaternary
studies. It is useful to think of pollen analysis as a remote sensing instrument, which records the past

‘

and present composition of vegetation. It is defined as ‘ a technique for reconstructing former
vegetation by means of pollen grains it produced’ (Faegri and Iversen, 1989). Pollen analysis has been
used to document long-term vegetation dynamics ever since the success of Von Post’s pioneering

experiments in 1916 (Von Post, 1916; 1946).

Several ecological principles are in favour of this scientific approach: The enigmatic and multifarious
world of colourful flowers in seed plant aims at the dispersion of their pollen, which is a fine to
coarse powder containing the male reproductive cells (Raven et al., 2000). The single pollen grains
are morphologically distinct for each plant species so that it is possible to identify plant species by
only investigating the pollen grains (Faegri and Iversen, 1989). Further, the bio-geographical
distribution of every individual plant species is determined by a set of environmental parameters

which limits its spatial spread (Willig et al., 2003; Francis and Currie, 2003).

The basic assumption of palynology is that the number of pollen grains deposited per unit time, at a
given point, is directly related to the abundance of the associated species in the surrounding
vegetation (Dimblebly, 1957; Davis, 1963). The general principles of pollen analysis can be outlined as

follows (Birks and Birks, 1980):

- pollen grains are produced in large quantities during the natural reproductive cycles of many
plants

- relative vegetation composition can therefore be inferred from the pollen grains released into the
environment, as these are a function of the number of parent plants

- the majority of pollen grains produced by plants never fulfil their reproductive function, and when
deposited within sediments they may be preserved as fossils

- fossil grains may be extracted from sediments and identified down to family/genus/species level

- the stratigraphic level at which grains are extracted corresponds with particular periods in the

past.

Any change in climatic parameters indispensably causes a change in the plant species composition
and a latitudinal of elevational shift of vegetation belts. This close connection between climate and
ecosystems allows the palynological reconstruction of past vegetation belt distribution on the slopes

of mountains, such as Mt Kilimanjaro.
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Palaeoecological research on a tropical mountain ecosystem in East Africa

Mountain systems are especially susceptible to climate change. The elevational gradient and the
involved gradient of climatic parameters only allow rather narrow ecological niches (Kérner, 2003b).
That means that even minor environmental changes have a great impact on the vegetation
composition. This unique feature makes mountains ecosystems particularly vulnerable (Huber et al.,
2005). Global warming is expected to enable species to migrate to higher elevational and potentially
cause extinction in the alpine zones due to competitive exclusion (Pauli et al., 2012). Hence, these
systems receive special attention in conservation. However, any change in the environment causes a
change in vegetation composition of these ecosystems which is consequently also recorded in the
pollen deposition. Due to this inherit characteristic of ecosystems to translate environmental
changes directly into a pollen record they are especially suitable as archives in palaeoecological and

palaeoclimate research.

Kilimanjaro is an ancient volcano which is an ideal archive for past changes in the East African climate
system. Mt Kilimanjaro is not only the highest mountain of Africa but also the highest free-standing
mountain in the world. Since it is not surrounded by other high mountain ranges the climate record
captured in the palaeo-ecological archives on Mt Kilimanjaro is unmasked and hence likely to be very
representative for tropical East Africa. It possesses an impressive wealth of different habitats ranging
from hot and dry savannas at the foot of the mountain, over traditional coffee and banana
plantations in the Chagga home gardens, the afro-montane forest zone with Africa’s most
altitudinous cloud forests at 4100 m asl, the alpine zone up to the barren nival zone just below the
snout of the glaciers (Hemp, 2006a). This variety of different vegetation belts along the elevational
gradient allows the reconstruction and detection of montane forest belt shift upslope and
downslope. Especially the retreating glaciers of Mt Kilimanjaro are a clear indication for the changing
climate in tropical East Africa (Thompson et al., 2002; Kaser et al., 2004). Rising temperatures and
decreasing precipitation have changed the hydrology on Mt Kilimanjaro causing severe water
shortfall for the Chagga population inhabiting the savannas at the foot of the mountain (Hemp,
2009). Obviously, this lack of water supply together with temperature rise and increased human
activities on the mountain has also a major impact on the ecosystems (Chan et al., 2008). These
profound changes in the environment give rise to many controversial discussions about past, present
but also future climate change (IPCC, 2007). For understanding the ecosystems functioning today we
need to investigate past ecosystems and their evolution in a changing environment. Only once we
understand the state and dynamics of past ecosystems under certain past climate conditions we will
be able to make any reliable predictions concerning their stability or dynamics under different

climate change scenarios of the future.
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Study region - an overview

Geography

Mt Kilimanjaro (3°049 S, 37°219 E) is located in the highlands of equatorial East Africa in north-
eastern Tanzania at the border to Kenya. With its three peaks Shira (4005 m asl), Mawenzi (5140 m
asl) and Kibo (5895 m asl) the Kilimanjaro massive is not only the highest mountain in Africa but also
the highest free-standing mountain in the world overtopping its surrounding by more than 5000 m
(Kaser et al., 2004). The massive is of strato-volcanic origin and has a diameter of 80 by 50 km. Mt
Kilimanjaro is located roughly 370 km south of the equator and at about as distant from the Indian
Ocean located to the east. The nearest by town is Moshi at 812 m asl (about 206,780 inhabitants in
2011, (Moshi Municipal Council, 2012)) which is located at the foot of the southern slope of Mt

Kilimanjaro.

b) . a)

* Mt Kilimanjaro
Tanzania

Mawenzi

10°S

Figure 1: a) The location of Tanzania and Mt Kilimanjaro in equatorial East Africa, b) Topographic map of Tanzania. Names
of mountain areas are indicated, stars (M) represent mountains of volcanic origin, all other mountains ranges except for the
Ruwenzori Mts, belong to the Eastern Arc, c) The Kilimanjaro massive with its three peaks: Shira, Kibo and Mawenzi. The
town Moshi is located on the southern foot of Kilimanjaro. Sources: worldofmaps.net (Fig.1b), NASA (Fig.1c).

Along with Mt Kilimanjaro there are only two other mountains in East Africa that reach elevations in
which glaciers are formed: Mt Kenya (5199 m asl) in Kenya, which is located about 325 km north of
Kilimanjaro, and the Ruwenzori Mountains on the border between Uganda and the Democratic
Republic of the Congo, with heights of up to 5109 m. Besides the mountains of young volcanic origin
a chain of ancient crystalline Precambrian basement mountains, stretching from the Taita Hills in
Kenya to the Udzungwa Mountains in south-central Tanzania, called the Eastern Arc. This mountain
range was uplifted at least 30 million years ago (Lovett and Wasser, 1993). The Eastern Arc
Mountains are partly covered with forests and are recognized as one of the globally important ,Hot-

Spots“ for forest biodiversity (Newmark, 2002; Burgess et al., 2007).
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Geology
The East African Rift System (or Great Rift Valley) is an active continental rift zone in eastern Africa
that appears to be a developing divergent tectonic plate boundary (Baker et al., 1972). The rift is a
narrow zone in which the African Plate is in the process of splitting into two tectonic sub-plates
called the Somali Plate and the Nubian Plate (Fig.2). This rifting of the sub plates has started more
than 30 million years ago when plumes of superheated rock rose beneath the earth’s crust, bulging
and thinning it. The crust fractured
and created valleys surrounded by
mountains and escarpments. The
East African Rift System is not one
continuous formation but a series | : 7 : 'f“Eth"i?oigia,;“;Mj
of rift valleys of related origin. It 7 '
runs from the Afar Triple Junction
in the Afar Depression southward
through eastern Africa (Chorowicz,
2005). The rift consists of two main
branches: the Western Rift and the
East Rift Valley. These result from
the actions of numerous faults
which are typical of all tectonic rift
zones. The Western Rift Valley

includes the Albertine Rift, and

further south the valley of Lake Figure 2: Geology of the East African Rift System. Yellow areas indicate the rift
. . zones as created by the spreading of the Nubian and the Somalian plates.
Malawi. The Eastern Rift Valley sources: The basemap is a Space Shuttle radar topography image by NASA.

. . L . Illustration after Wood and Guth (2012).
includes the Main Ethiopian Rift,

running eastward from the Afar Triple Junction, which continues south as the Kenyan Rift Valley
(eastern branch). Although the volcanic area is by far smaller in northern Tanzania than in those to
the north, there are major features such as Ngorongoro crater, one of the largest calderas on Earth,
Oldoinyo Lengai, the world's only active carbonatite volcano and Mt Kilimanjaro, the highest

mountain on the African continent (Dawson, 2008).

Mt Kilimanjaro was formed about 3 million years ago during the formation if the Great Rift Valley
(Frisch et al., 2010). About 1 million years ago the volcanic activities centred on the three points,
Shira, Mawenzi and Kibo (see Fig.1) (Downie et al., 1956). Shira was the first to become extinct. Soon

after Shira’s extinction, Mawenzi started to form following a further eruption within the Shira
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caldera. 460 ka ago an enormous eruption just west of Mawenzi caused the formation of Kibo.
Continual subterranean pressure forced Kibo to erupt several times more until reaching a maximum
height of about 5900 m (Siebert and Simkin, 2002). A further eruption from Kibo 100 ka later led to
the formation of Kilimanjaro’s characteristic shape. Kibo has not been active in modern times, but

steam and sulphur are regularly seen coming from the crater at the summit (Richard, 1945).

Soils

The soils on the volcanoes of the East African Rift system developed on ash. Characteristic for these
soils types are a high organic matter and volcanic glass content, good rootability and high water
storage properties with a high rate of phosphate-fixation (Wada, 1985). According to the USDA soil
taxonomy the dominating soil type which developed on Mt Kilimanjaro is the Andisol (or ‘Andosol’
according to FAO standard) (Soil Survey Staff, 2010). The parent material is mainly volcanic ash, but
also tuff, pumice, cinders and other volcanic ejecta. Andisols develop in undulating to mountainous
environment of humid, arctic to tropical regions with a wide range of vegetation types. They typically
show an AC- or ABC-profile (Zech and Hintermaier-Erhard, 2002). The soils on the southern slope of
Kilimanjaro exhibit are high accumulation rate of organic material. The low decomposition rate of
litter as well as the cool and humid climate conditions are responsible for the low mineralization rate,

and hence a low nutrient availability (Schrumpf, 2004).

Climate

The climate dynamics in tropical Africa are complex, responding to a variety of ocean-atmosphere
processes associated with both the Indian and the Atlantic Ocean (Camberlin et al., 2001). A mixture
of Atlantic and Indian Ocean related mechanisms account for trends in moisture balance in the
central and eastern African tropics (Fig.3). In the easternmost part of tropical Africa, the
hydroclimate is oreographically insulated from the influence of the Atlantic ocean by the Congo Air
Boundary (CAB) (Sepulchre et al., 2006). Therefore, it is primarily influenced by the Indo-Pacific
climate dynamics. The EI-Nifio-Southern-Oscillation (ENSO) and the Indian Ocean Zonal Mode (I0ZM)
have a particularly strong impact on the precipitation patterns during the short rainy season
(October, November, December) (Nicholson, 1996; Camberlin et al., 2001). On geological timescales,
changes in the annual insolation alter the climate in East Africa through the modification of

monsoonal intensity (Abram et al., 2007; Tierney et al., 2011).
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Figure 3: Mean January and July precipitation in Africa. During the southern hemisphere summer the ITCZ is located in the
south following the area of highest insolation. That convergence line is extended from south west by the Congo air
boundary (CAB) and the area over this region is unstable air and produces extensive cloudiness and severe thunderstorms.
The ITCZ is shifted to the north during the northern hemisphere summer bringing high rainfall to central and northern
Africa. The position of the ITCZ also determines the direction of predominant either north-easterly (NE) or south-easterly
(SE) trade winds. Adapted after UNEP, Nairobi

High Pressure:

Over Southeast Asia and East Africa the climate, and especially the precipitation pattern, is
influenced by the monsoon system (Fig.3 and Fig. 4). The warming over the Asian continent induces a
low surface pressure zone that drives the moisture transport and hence brings rain into Southeast
Asia and East Africa. North-easterly and south-easterly trade winds which are driven from the high
surface pressure regions of the Subtropics towards the low pressure zone near the equator converge
onto the Intertropical Convergence Zone (ITCZ). This again gives rise to a narrow zonal band of high

precipitation north of the equator.

45°N

30°N

15°N

Equator

15°S |
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Rainfall: >4mm/d [ >8mm/d

Circulation: @ Asian monsoon 2 West African monsoon @ Pacific ITCZ @ Atlantic I[TCZ @ Western Pacific Warm Pool

Figure 4: Regional perspective on the tropical climate. The figure shows the precipitation patterns in July/August and the
surface wind systems associated with the Asian and West African monsoon. Trade winds originating in the Subtropics of
the Pacific and Atlantic which flow into the Intertropical Convergence Zone (ITCZ) are also depicted. High seas surface
temperatures (SST) cause convection over the western Pacific warm pool. L and H indicate the locations of low and high
surface pressure systems. (Source: Chiang, 2009)
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According to Koéppen and Troll/Pfaffen (Mdiller, 1989) the Kilimanjaro area is characterized by a
seasonally dry, tropical climate. Due to the influence of the position of the ITCZ and its proximity to
the equator, Mt Kilimanjaro is characterized by a bimodal rainfall pattern and experiences four
hydrological seasons per year: one short dry season in January and February, a long rainy season
from March to May, a long dry season from June to September followed by a short rainy season in
November and December.
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Figure 5: Mean annual precipitation and temperature combined from three transects on the central southern slope of Mt.
Kilimanjaro. Line A: linear regression of mean annual temperature, line B: linear regression of mean annual temperature.
Intersection of line and precipitation (arrow a) indicates transition from sub-humid to humid conditions, intersection of line
b (arrows b) indicates that of humid and per-humid conditions (after Hemp, 2006a).

The climate on Mt Kilimanjaro is further dependent on the elevation on the mountain and the
exposition of the mountain side (Fig.5). The foothills of the southern slopes receive a mean annual
precipitation (MAP) of 800-900 mm and the lower slopes at 1500 m receive 1500-2000 mm. The
forest belt between 2000 and 2300 m receives partly over 3000 mm (Hemp, 2001), which is more
than on other high mountains of East Africa. In the alpine zone the precipitation decreases to 200
mm. Due to the prevalence of SE trade winds the southern slope is generally wetter than the
northern slope (Hemp, 2006a). The mean annual temperature (MAT) is 24°C at the southern foothills
at about 800 m asl and decreases linearly by 0.56 °C per 100 m altitude difference to -7.1 °C at 5895
m asl (Walter et al., 1975; Thompson et al., 2002). Frosts can occur above 2700 m asl. Despite the
dominance of south-easterly or north-easterly winds, depending on the season, the wind system on
Mt Kilimanjaro is further influence by katabatic and anabatic winds along the mountain slopes. While
strong uphill winds prevail during the day, this pattern is reversed during the night when the cool air
moves downhill (Hemp, pers.com.).
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Vegetation

Despite tropical climate conditions only 2 % of the land surface of equatorial East Africa are covered
with forests and these are mostly limited to mountainous regions (Bjgrndalen, 1992).
Today’s vegetation of Mt Kilimanjaro harbours about vascular 3000 plant species (Hemp, 20063;

Hemp, 2006b).

e 6000m

Vi ¥ colline zone (savanna)

“ ﬁ submontane zone with Croton-Calodendrum forest

‘”iﬁ #  coffee-banana plantation in the sub and lower zone (southern slope)
& lower montane gorge forest on the southern slope

? lower montane zone with Cassipourea forests on the northern slope and i;! } @ Aguaria-Syzygium-Ocotea forests on the southern slope

-? middle montane zone with Cassipourea forests on the northern slope and 6? Ocotea forests on the southern slope
% upper montane zone with Juniperus forests on the northern slope and ’ !? Podocarpus-Ocotea forest on the southern slope
@ upper montane zone with Juniperus forests on the northern slope and * Podocarpus forests on the southern slope

‘ Vi :\xﬂ& subalpine heathland (Erica shrub)

Figure 6: The vegetation belts on Mt Kilimanjaro. Schematic north-

south profile showing the western slope of Mt Kilimanjaro (Shira,

« we & upperalpine and nival zone, mainly bare of vegetation Kibo, Mawenzi) with main altitudinal zones and vegetation types
(after Hemp, 2006a).

W2 tower alpine zone with Helichrysum cushion vegetation

On the southern slope of Mt. Kilimanjaro several vegetation zones can be differentiated (Hedberg,
1951; Hemp, 2006a):

Colline savanna zone: Between 700 and 1100 m asl a
dry and hot savanna zone stretches around the
mountain base (Fig.7). The mean annual temperature
is 24 °C, and the precipitation reaches about 1000
mm/a. Today most of this area is used for crop
production (maize, beans and sunflowers fields) or as

pasture land. Remnants of the former vegetation

% include savanna woodlands with Acacia (Fabaceae),
Figure 7: Colline savanna zone with sunflower fields. . R

Grewia (Malvaceae), Terminalia and Combretum
(Combretatceae) but also riparian forests with species such as Ficus vallis-choudae (Moraceae) and
Lecaniodiscus fraxinifolius (Sapindaceae). On the south-eastern side dry forests with the succulent

Euphorbia quinquecosta and E. candelabrum (Euphorbiaceae) as well as some deciduous species such
17



as Commiphora baluensis (Burseraceae) and Haplocoelum foliosum (Sapindaceae) can be found. Only
around Lake Challa, at the south-eastern foot of Mt Kilimanjaro, remnants of the pristine savanna

woodland vegetation are still present.

Submontane forest zone (Fig.8):

Due to the favourable climate (mean annual temperature (MAT): 19 °C, mean annual precipitation
(MAP): 1600 mm), today the main zone of agri- and horticulture with banana and coffee plantations
extends from 1000 up to 1800 m. This zone has been inhabited by the Chagga, a Bantu tribe, for
several centuries. Remnants of the former forests of this zone have survived only in the deepest
valleys and gorges. This forest vegetation is highly divers and includes species such as
Entandrophragma excelsum (Meliaceae), Heinsenia diervilleoides, Hallea rubrostipulata, Mitragyna

rubrostipulata (all Rubiaceae), Newtonia buchananii (Mimosaceae), Leptonychia usambarensis

*

(Sterculiaceae), Strombosia scheffleri
(Loganiaceae), Dasylepis integra (Flacourtiaceae),
Garcinia tansaniensis (Clusiaceae) and Polyscias
albersiana (Araliaceae). In the western parts of
the mountain the comparatively dry submontane
forest below 1600 m is dominated by Olea
europaea ssp. africana (Oleaceae), Croton
megalocarpus  (Euphorbiaceae), Calodendrum Figure 8: Submontane forest belt with mostly .

. o semi-decidious forest.
capense (Rutaceae) and Diospyros abyssinica

(Ebenaceae).

Montane forest: The montane forests of Mt Kilimanjaro
border the cultivated zone on the southern and south-
eastern slopes between 1700 and 1800 m and surround
the whole mountain. Within the montane forest belts
three sub-belts can be distinguished: lower, mid and upper
montane forest.

The lower montane zone ranges from 1600 to 2100 m asl
(MAT: 16 °C, MAP: 2000-2700 mm). Between 1500 and
1800 m asl the lower montane forest Ocotea usambarensis

(Lauraceae) is the most abundant tree species. It is

Figure 9: Mid montane forest belt with mostly associated with Agarista salicifolia (Ericaceae), Syzygium
evergreen trees and a many ferns and epiphytes.
guineense (Myrtaceae), Macaranga capensis var.
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kilimandscharica (Euphorbiaceae), and Polyscias fulva (Araliaceae).

The mid montane forest belt (Fig.9) (2100-2800 m asl) receives the highest amount of rainfall on the
whole mountain (MAP: 1910 to 3050 mm) and has a mean annual temperature range 10.4 to 14.4 °C.
These favourable climate conditions give rise to a high richness in ferns and epiphytes. The frost
susceptible tree fern Cyathea manniana is very abundant below 2700 m asl which is the elevation at
which frost starts to occur occasionally during the
night. In the lower part of this belt the camphor-tree
Ocotea usambarensis forms monospecific stands.

In the upper part it is associated with Podocarpus
latifolius.

Above 2800 m asl the dominance of Podocarpus
latifolius (Podocarpaceae) is characteristic for the
upper montane forest belt which forms together with
Hagenia abyssinica (Rosaceae) and Prunus africana
(Rosaceae) form the tree canopy (Fig.10).
Monodominant stands of Erica excelsa (Ericaceae) play
also an important role in this zone, replacing

Podocarpus and Hagenia forests after fire, forming the

actual upper closed forest line on the southern slope of Figure 10: Upper montane forest zone with
abundant Hagenia abyssincia

Kilimanjaro at 3250 m (Hemp and Beck, 2001).

Subalpine zone (Fig.11): Between 3100 and 3900
m the forests of Erica excelsa are gradually
replaced by Erica-shrub with the dominant species
Erica arborea and Erica trimera, Protea caffra and
Euryops dacrydioides. In the south-eastern parts
moorland vegetation, formed by tussock grass and
characterised by giant lobelias, fringes the forest.

The mean annual temperature ranges between 4.2

to 8.7 °C. This belt receives relatively little rainfall

Figure 11: Subalpine moorlands and Erica shrub lands (MAP: 700 to 1500 mm) which facilitates the
below the Mawenzi peak ’

occurrence of fires.
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Alpine zone: At an altitude of about 3900 m the Erica
heathlands grade into a Helichrysum cushion
vegetation that extends up to 4500 m. Due to the
rather hostile climate conditions (MAT: 4.2 to 0.7 °C,
MAP: 500 to 700 mm) these altitudes are poor in
vegetation. Open grasslands with cushions of
Helichrysum newii and citrispinum, Senecio meyeri-
johannis and Pentaschistis borussica (all Asteraceae)

and bogs with Carex monostachya and Dendosenecio

kilimanjari (Fig. 12) are characteristic for this zone. Figure 12: Alpine bog with Carex monostachya and
stands of the endemic Dendrosenecio kilimanjari.

Nival zone: Above 4800 m the mean annual temperature is below 0 °C and annual precipitation is low

(MAP: < 500 mm). The boulder slopes is only sparsely vegetated by lichens and mosses. The top of

Kibo (5895 m asl) is still partly covered with glaciers.

Due to drier climate conditions, the vegetation zones on the northern slope of Kilimanjaro are shifted
upslope and harbour a partly different species composition (see Fig.6). Savanna woodlands with
Acacia div. sp. (Mimosaceae), Terminalia div. sp. (Combretaceae), Grewia div. sp. (Malvaceae) and
Combretum div. sp. (Combretaceae) characterize the colline zone between 1400 and 1600 m asl. In
the submontane zone (1600-2000 m asl) a similar Croton-Calodendrum forest grows as on the
western slope. In the lower montane forest zone (2000-2500 m asl) Cassipourea malosana
(Rhizophoraceae), Teclea simplicifolia, Fagaropsis angolensis (Rutaceae) and Olea capensis are
abundant. Above 2500 m up to 3100 m asl, a Juniperus-Podocarpus-forest (Juniperus procera,
Cupressaceae), Podocarpus latifolius, Hagenia abyssinica) replaces the lower montane forest.
Monospecific stands of Erica excelsa can also be found. Since with increasing elevation climatic
conditions (in particular rainfall) become similar to the conditions on the southern slope, the plant
distribution above 3100 m asl the subalpine Erica-shrub as well as the alpine and nival zones harbour

a similar flora as found on the southern slope.

Missing Bamboo Belt

An interesting feature of the forests of Mt Kilimanjaro is the absence of a bamboo zone, which occurs
on all other tall mountains in East Africa with a similarly high rainfall (Fig.14). Stands of
Sinarundinaria alpina (Poaceae) are favoured by elephants and buffaloes but on Mt Kilimanjaro these
mega-herbivores occur on the northern slopes, where it is too dry for a large bamboo zone to

develop. Sinarundinaria alpina needs at least 1250 mm of annual rainfall (Dale, 1940; Lind and
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Morrison, 1974). In contrast to the dry northern slope, these wetter climate conditions exist on the
southern slope of Mt Kilimanjaro. Similar climate conditions can be found on the southern slope of
Mount Kenya, where, however, a bamboo belt has developed (White, 1950). The existence of a
bamboo belt seems to be closely related to the presence of mega-herbivores as observed on other
East African mountains. Mega-herbivores are excluded from Mt Kilimanjaro‘s wet southern slope
forests by topography and humans, who have cultivated the foothills for at least 2000 years. Hence,
the interplay of biotic and abiotic factors could explain the lack of a bamboo zone on Kilimanjaro

(Hemp, 2006c).

Kilimanjaro Aberdares Mt.Elgon  Mau Escarpment Chyulu Sabuk

4& Larger mountains with dry slopes (white) and wet slopes (grey) recieving more than 1250 mm annual precipitation
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Figure 13: Occurrence of bamboo zones, mega-herbivores and areas of high annual precipitation (>1250 mm) on several
mountains in East Africa. A bamboo zone occurs only on wet slopes, which are inhabited by elephants and buffaloes
(adapted after Hemp, 2006c)

Anthropogenic Impact

For the past 2000 years humans have been inhabiting the slopes of Mt Kilimanjaro (Odner, 19713;
1971b). While ethnographic studies by Widenmann (1899) report 50,000 to 60,000 Chagga people on
Mt Kilimanjaro in 1895, in 2002 the census counted already over 1 million people (National Bureau of
Statistics and Central Census Office, 2003). Especially during the last decades the human population
increased dramatically. The highest population density is found at altitudes between 1000 and 1800
m, with densities varying from 500 to 1000 people per km? in some areas (Timberlake, 1986). Within
this submontane zone, the Chagga have transformed the native forests into so called ‘home
gardens’. The Chagga home gardens are traditional, densely planted ‘banana forests’ with a scattered
upper tree layer. Typical is their multi-layered vegetation structure similar to a tropical forest, which
integrates numerous multipurpose trees and shrubs with food crops and stall-fed animals (Fernandes
et al., 1984). Most commonly encountered are dense ‘banana forests’ with a scattered upper tree
layer. Due to this rather sustainable and well developed agroforestry system degradation in this

vegetation belt is rare, despite the enormous population (Hemp, 2006b).
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Palynological and Palaeoecological research on tropical East Africa - state

of knowledge

Compared to the tropical regions in South America, Asia or Australia, only few palynological studies
are available for tropical Africa, and even less from tropical East Africa. On the one hand this is due to
the lack of suitable study sites, especially terrestrial ones, which could provide sufficient pollen
preservation; on the other hand, extensive vegetation studies are also sparse in East Africa which
means that the documentation of the pollen and spore flora has only recently been set on sound

footing by a few research groups (Lézine, 2001; Vincens et al., 2007).

Early Last Glacial - pre-Last Glacial Maximum (LGM)

Only few palaeoenvironmental records from East Africa extend beyond 42 ka BP (Coetzee, 1967;
Taylor, 1990; Street-Perrott et al., 1997; Olago et al., 1999; Schiiler et al., 2012). Most of them are
pollen records and they present useful data for the reconstruction of East Africa’s
palaeoenvironment beyond the LGM. During the period prior to 42 ka BP the climate is characterized
by warmer conditions. Between 42 ka BP and 30 ka BP the shift of montane vegetation belts to lower
elevations marks a change to cold and dry conditions (Kiage and Liu, 2006). Much of this evidence is
obtained from pollen and diatom data as well as charred grass cuticles and is verified by carbon
isotope (6'°C) records (Olago, 2001). Before the LGM cool conditions prevailed in East Africa with

temperatures being 2—4.1°C colder than present (Coetzee, 1967; Olago, 2001).

Last Glacial Maximum (LGM)

During the LGM East Africa’s environment was generally cool and punctuated by episodes of
prolonged desiccation (Kendall, 1969; Street and Grove, 1979; Beuning et al., 1997). For the Rukiga
Highlands in Burundi Bonnefille and Chalié (2000) suggest a 2 to 5 °C temperature drop. A record
from Lake Albert, Uganda and Democratic Republic of Congo (Fig.15), documents two episodes of
lake level low stands of at least -46 m below the present lake levels during the LGM (18 — 20 ka BP).
Palaeoenvironmental proxies from Lake Victoria also document a low stand at ca 15.4 ka BP. This
very dry period in Lake Victoria reduced the lake level to at least -66m below present. This dry phase
at 18 — 20 ka BP (Lake Albert) and ca 15.4 ka BP (Lake Victoria) could be synchronous with the LGM.
Palaeopedological and palaeoecological results from the southern slopes of Mt Kilimanjaro suggest a
climate driven downhill decent of the ericaceous belt of about 1000 m due to cold and dry climate
conditions during the LGM (Hemp and Beck, 2001; Zech, 2006; Schiiler et al., 2012). This is
underpinned by a multi-proxy study from Mt Kenya suggesting the expansion of C4 grasses on

African mountains during the LGM (Wooller et al., 2001; Street-Perrott et al., 2007).
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Dry climate conditions are characteristic for
the final period of the LGM. The
palaeoecological records of the East African
Lakes indicate a distinct water table low
stand. At Lake Tanganyika, located at the
border between Congo, Tanzania, Burundi
and Zambia, this low stand was dated to
about 21 ka calibrated (cal) BP (Gasse et al.,
1989). Desiccation is recorded from Lake
Victoria, Tanzania/Uganda/Kenya, at 20.5 ka
cal BP (Talbot and Livingston, 1989), Lake
Albert, Uganda/DOC at about 22 ka cal BP
(Beuning et al., 1997), and Lake Rukwa,

Tanzania, at 20 ka cal BP (Barker et al.,

Figure 14: The East African Lakes. Lake Turkana is located in Kenya;
Lake Albert and Lake Bunyonyi are located at the border of
Uganda with the Democratic Republic of Congo (DOC); Lake
(DeBusk Jr, 2003), Tanzania/Malawi/ Victoria is part of Uganda and Tanzania; Lake Tanganyika borders

Tanzania, Burundi and the DOC; Lake Malawi abuts the countries
Mozambique and in the Magadi-Natron Malawi, Zimbabwe and Tanzania. Lake Challa is located at the

border of Tanzania with Kenya. Source: The basemap is a Space
Basin, Kenya/Tanzania (Hillaire-Marcel and shuttle radar topography image by NASA.

2002). For the same time period similar

trends were observed at Lake Malawi

Casanova, 1987). Also studies from the Ruwenzori Mountains, DOC/Uganda (Livingston, 1967), the
Kalambo Falls, Zambia/Tanzania (Van Zinderen Bakker, 1969), from the valleys around Mufo, Angola
(Van Zinderen Bakker and Clark, 1962), and the Zaire-Basin, DOC (Caratini and Giresse, 1979; Jansen
et al., 1984) suggest dry and cold conditions for the late phase of the LGM. According to Kutzbach
and Street-Perrott (1985) this aridity was a consequence of the prevalent lower tropical land and sea
surface temperatures caused by enlarged polar ice sheets (Western Pacific sea surface temperatures
2 to 3°C cooler than at present: Thunell et al., 1994; Lea et al., 2000) and a modified chemical
composition of the atmosphere. The reduced ocean evaporation caused a weakening of the global
hydrological cycle, and hence, also of the East African Monsoon system which largely determines the
terrestrial precipitation patterns (Gasse, 2000). For the Rukiga Highland in Burundi Bonnefille and

Chalié (2000) suggest a reduction in precipitation by 32 %.

16 ka until 11.5 ka cal BP - Deglaciation

The end of the Pleistocene in Eastern and Central Africa was generally characterized by a shift to
warmer and more humid climate conditions which also marks the beginning of the African Humid
Period. For the early stage of this time period the pollen record of Sacred Lake, Mt Kenya, still

indicates a vegetation dominated by Poaceae and Artemisia (Asteraceae) (Coetzee, 1967).
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Sedimentological evidence indicates that the period of maximum aridity occurred just before 13.5 ka
cal BP, at a time when there was a change from C4-dominated to a C3-dominated vegetation
community (Olago et al., 1999); this is supported by the abundant occurrence of Artemisia after 14.5
ka cal BP which indicates dry conditions. An increase in Cliffortia and, later, Hagenia, which replaced
the open grassland vegetation, indicate a slight climatic amelioration. An increase in Celtis which is
currently found on the plateau and at lower altitudes in the forests of Mt Kenya might indicate

moister conditions in the lowlands around 12.3 ka BP.

A short relapse into dry conditions after 13 cal ka BP is reported from the Empakai Crater, Tanzania
(Ryner et al., 2006), the Rumuiku Swamp on Mt Kenya (Rucina et al, 2009). This dry spell
corresponds to the Younger Dryas Period of the northern hemisphere and is also well documented by
East African lake-level fluctuations (Roberts et al., 1993). This arid phase found an abrupt end around
11 cal ka BP (Kendall, 1969; Hamilton, 1982). An increase in tree taxa around Lake Victoria (Van
Zinderen Bakker, 1972) and the lake-level rise in e.g. Lake Tanganyika (Vincens et al., 1993) are clear
indicators for the return of humid conditions.

Based on seismic-reflection stratigraphy and organic biomarker molecules in the sediment record of
Lake Challa near Mt Kilimanjaro, Verschuren et al. (2009) suggest that monsoon rainfall in this region
varied at half-precessional, 11.5 ka intervals, in phase with orbitally controlled insolation forcing.
According to the authors the south-easterly and north-easterly monsoons that advect moisture from
the western Indian Ocean were strengthened around 11 cal ka BP, and hence, led to increased

precipitation on land.

11.5 ka until 5 ka cal BP - Early to Mid-Holocene

The Holocene African Humid Period occurred between ca. 9 and 6 cal ka BP (Ritchie et al., 1985;
Roberts, 1998) but humid conditions had initially commenced by ca. 14.5 cal ka BP (deMenocal et al.,
2000). The beginning of the Holocene is marked by the peak of the African Humid period as indicated
by several lake-level studies (e.g. Van Zinderen Bakker, 1972; Roberts et al., 1993; Chalié and Gasse,
2002; Verschuren, 2003). The ice core record from Mt Kilimanjaro shows very high accumulation
rates also indicating wet climate conditions between 11 ka and 4 cal ka BP (Thompson et al., 2002).
Coetzee (1967) reports an upward shift on vegetation zones at Sacred Lake, Mt Kenya, after 10 ka cal
BP due to increased temperatures and precipitation. Forest pollen types like Hagenia become
exceedingly dominant and marked declines of Erica, the dominating taxon in the Ericaceous zone,
occur. A pollen record from Lake Turkana suggests an extension of highland forest coupled with high
fern abundance also indicating increased rainfall over tropical East Africa (Owens et al., 1982).
However, this period was punctuated by severe dry spells lasting several hundreds of years, centred

at 8.2 ka, 6.6 ka, and 4 ka BP (Gasse, 2000). Gupta et al. (2003) suggest that these droughts have
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mechanistic links to millennium-scale climate variability in the North Atlantic region but their timing

has not been sufficiently constrained to explore this in detail.

5 ka until present — Mid to Late Holocene

DeMenocal (2000) reports an abrupt termination of the African Humid Period around 5.5 cal ka BP. A
change to cooler and especially drier conditions in the second half of the Holocene was also observed
in the ice core record from Mt Kilimanjaro (Thompson et al., 2002). While the rapid increase of §'0
in the ice indicate a fast temperature decrease between 5 and 4 cal ka BP, high dust concentrations
containing elevated concentrations of chemical species e.g. fluoride (F) and sodium (Na) propose
pronounced dry conditions after 4 cal ka BP. Lake level records from Lake Rukwa, Tanzania (Talbot
and Livingston, 1989), Lake Victoria, Tanzania (Van Zinderen Bakker, 1972), and Lake Cheshi, Zambia
(Stager, 1988), show an abrupt dry episode around 3 ka BP. This abrupt desiccation event during 4.5
— 3.5 ka BP has been recognized across tropical Africa (Hamilton, 1982; Street-Perrott and Harrison,
1985; Street-Perrott and Street, 1990; Maley and Brenac, 1998; Elenga et al., 2000; Bonnefille and
Chalié, 2000; Barker et al., 2004). This aridity has been associated with decline in the base flow of the
White Nile (Talbot and Brendeland, 2001). It could also be linked to the collapse of the Old Kingdom
in the Nile Valley (Hassan, 1997; Barker et al., 2004). This sudden shift to drier and more seasonal
environmental conditions at around 4 ka BP has also been recorded at different sites on the island of
Madagascar (Burney, 1993).

The pollen record from Lake Tanganyika shows increasingly arid conditions after 5 ka BP causing the
replacement of forest by open grassland in the surrounding area (Msaky et al., 2005). The Lake
Bogoria pollen sequence documents an abrupt disappearance of high altitude forest pollen such as
Hagenia abyssinica, Hypericum, Stoebe, and Ericaceae, and an increase in more drought-adapted
taxa such as Podocarpus, Juniperus, Acacia and Dodonaea after 4.5 ka BP (Vincens, 1986). A sharp
increase in Podocarpus was observed after 4.5 ka BP at Mt Kenya (Street-Perrott and Perrott, 1993)
and a similar rise in Mt Elgon at about 3.5 ka BP (Hamilton, 1982). This probably signifies the onset
and establishment of dry conditions in the region.

During this same period there was a rise in dry forest taxa such as Olea and Prunus (Coetzee, 1967;
Street-Perrott and Perrott, 1993; Olago, 2001). The sharp increase in Podocarpus at about 4.5 ka BP
at the Mt Kenya site (Street-Perrott and Perrott, 1993) and around 3.5 ka BP at Mt Elgon (Hamilton,
1982) corresponds with the third abrupt dry event recorded in the Mt Kilimanjaro ice core record

(Thompson et al., 2002).
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General objectives and outline of chapters

The broad context of this research is the need to understand how tropical African forest ecosystems
responded to the impacts of past climate change. 20 % of the earth’s terrestrial surface are covered
by mountain ecosystems which expand across large elevational gradients with different climatic and
biogeographic zones (Kérner, 2003a). Tropical mountain areas have unique ecosystems and they are
global biodiversity hotspots (Myers et al., 2000), but they are severely threatened by climate and
land use change, with considerable consequences for biodiversity, ecosystem functioning and human
societies. The steep climate gradient and the occurrence of varied ecosystems makes tropical
mountains convenient for ecological research investigating the effects of past, present and future
environmental change (Kérner, 2000; Nogués-Bravo et al., 2008). This holds true in particular for Mt
Kilimanjaro with its altitudinal range of over 5000 m and its climatic and vegetation zones ranging
from hot and dry tropical savannas to the cold and rather hostile afro-alpine grasslands. In order to
unearth new scientific information, the specific aim of this particular research is the reconstruction of
the Late Quaternary vegetation and climate dynamics on Mt Kilimanjaro based on palynological and
sedimentological data. The results can help improve the predictability of both, the future ecosystem
response to environmental change and the impact of anthropogenic climate change on rainfall, fire
regimes and carbon sinks. In this context, this study pursues in particular the two following research

topics:

1) The investigation of past vegetation, climate and fire dynamics at different study sites on Mt
Kilimanjaro.
This task aims at the complementation of previous investigations in Tropical East African
Mountains. The new data contributes to the establishment of a basis for more detailed
comparison between different study sites. The reconstruction of past vegetation changes and
identification of environmental conditions and their impact on local and regional ecosystem
dynamics are of main interest. More specifically, the following fundamental but yet open
questions were approached:
- How did the vegetation respond to environmental change?
- What changes in biodiversity can be observed?
- How did the floristic composition of the different vegetation types change in space and
time?
- Did Mt Kilimanjaro serve a refuge for montane forest species during the last Glacial?
- What was they dynamic of vegetation belt shift under past climate change conditions?
- How frequent were fire events and how did they impact the vegetation?

- Is there any evidence for anthropogenic impact on Mt Kilimanjaro?

26



2) The investigation of the relationship between modern pollen rain data and present vegetation
patterns along the elevational gradient of Mt Kilimanjaro.
Since past shifts in the distribution of vegetation types are reconstructed from fossil pollen
assemblages, the exact relationship between modern vegetation and modern pollen
compositions is crucial for calibration of the fossil pollen records. Such calibration studies which
quantitatively relate pollen with elevation or climatic parameters are still lacking in tropical
Africa. One key objective of this project, therefore, is to establish exact pollen-vegetation and
pollen-climate relationships, from which transfer functions can be developed for detailed

reconstruction of past vegetation and climate states from fossil pollen records.

The chapters are predominantly prepared as manuscripts for submission to peer-reviewed journals.

The specific objectives of the chapters are as follows:

Chapter 2 deals with the pollen analysis of the Maundi crater located at 2780 m asl on the south-
eastern slope of Mt Kilimanjaro. This study provides first palynological data extending back into the
early last Glacial (~90 ka BP) and therefore presents one of the longest terrestrial pollen records in

East Africa covering almost a full glacial-interglacial cycle of vegetation and climate history.

Chapter 3 provides insight into how present vegetation is reflected in the modern pollen rain along
the elevational gradient of Mt Kilimanjaro. To investigate the representation of plant families in the
pollen-trap samples the % abundance differences between local vegetation cover and the pollen rain
are calculated. The similarity between paired pollen-trap samples within each plot gives an indication
for how representative it is for the surrounding vegetation. The results indicate whether plant taxa
are strong or weak pollen producers, and/or subject to long-distance pollen transport. These

quantitative results are crucial for calibration of the fossil pollen records.

In Chapter 4 the palynological and sedimentological outcome of the WeruWeru 26 (WW26) palaeo-
soil profile record is presented. The study site is located at 2650 m asl, in the montane forest on the
southern slope of Mt Kilimanjaro. The record describes the last ca 50 ka of past vegetation and
climate dynamics in high resolution and therefore allows detailed reconstruction of the vegetation

response to environmental changes.

The development of mathematical transfer functions, as described in Chapter 5, allows ‘translation’
of fossil pollen data to specific climate data, by comparing the composition of pollen rain collected in

traps with the surrounding vegetation and local climatic conditions. For the development of the
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pollen-climate transfer functions for the Kilimanjaro elevational gradient between 800 and 3200 m,

weighted-averaging partial least square regression models (WA-PLS) were used.

In Chapter 6 the most important outcomes of this research are summarized and synthesized, and
fundamental conclusions are drawn. Further, the issue of uncertainties is shortly addressed and

finally some perspectives for palaeoecological research in East Africa are envisioned.
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Abstract
The pollen, charcoal and sedimentological record from the Maundi Crater, located at 2780 m

elevation on the south-eastern slope of Mt Kilimanjaro, is one of the longest terrestrial records in
equatorial East Africa, giving an interesting insight into the vegetation and climate dynamics back to
the early last Glacial period.

Our sediment record has a reliable chronology until 42 ka BP. An extrapolation of the age-depth
model, as well as matching with other palaeo-records from tropical East Africa, suggest a total age of
about 90 ka BP at the bottom of the record. During the last Glacial the distribution as well as the
composition of the vegetation belts classified as colline savanna, submontane woodland, montane
forest, ericaceous belt, and alpine vegetation changed.

The early last Glacial is characterized by high amounts of Poaceae and Asteraceae pollen suggesting a
climatically dry but stable phase. Based on the absence of pollen grains in samples deposited around
70 ka BP, we assume the occurrence of distinct drought periods. During the pre-LGM (Last Glacial
Maximum) a higher taxa diversity of the ericaceous and montane zone is recorded and suggests a
spread of forest and shrub vegetation, thus indicating a more humid period. The taxa diversity
increases steadily during the recorded time span. The decent of vegetation zones indicate dry and
cold conditions during the LGM and seem to have been detrimental for many taxa, especially those
of the forest vegetation; however, the early last Glacial seems to have been markedly drier than the
LGM. The reappearance of most of the taxa (most importantly Alchemilla, Araliaceae, Dodonea,
Hagenia, llex, Myrsine, Moraceae, and Piperaceae) during the deglacial and Holocene period suggest
a shift into humid conditions. An increase in ferns and the decrease in grasses during the Holocene
also indicate increasing humidity.

Fire played an important role in controlling the development and elevation of the ericaceous zone
and the tree line. During the Holocene no increased anthropogenic impact around the Maundi crater
can be observed, since neither higher fire activity nor a spread of hemerophilic plants is recorded.
This pollen archive reveals shifts in the upper vegetation zones (ericaceous zone and montane forest
zone) of at least 1100 m but underlines the role of Mt Kilimanjaro as a glacial refuge for montane

forest species similar to that of the Eastern Arc Mountains.

Keywords: Tanzania, Pollen, Charcoal, late Quaternary, Vegetation Zones, Kilimanjaro, climate

change
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Introduction
During the past decades the famous snow topped mountain rising from the East African savannas has

repeatedly caught attention and given rise to many discussions concerning present and past climate
change. Especially recently, the retreating glaciers of Mt Kilimanjaro (Thompson, 2000; Gasse, 2002;
Thompson et al., 2002) indicate a marked change in regional environmental and climate conditions
(Hemp, 2005).

Mt Kilimanjaro (3°049 S, 37°219 E) is the highest mountain in Africa and the highest solitary
mountain in the world overtopping its surroundings by more than 5000 m.

With its range of different climate and vegetation zones (700 — 5895 m asl), including dry and hot
savanna, montane forest and alpine vegetation above the tree line, Mt Kilimanjaro is a suitable
object for studying the influence of climate change on vegetation. Reconstructing the vegetation
dynamics of the past is of particular interest as Mt Kilimanjaro is a critical water catchment for both
Tanzania and Kenya. Changing climatic conditions could have major impacts on several millions of
people depending on the water of Mt Kilimanjaro (Hemp et al., in press). The melting glaciers have
nearly no impact on the water balance, as the water mainly originates from the forest belt, which is
the mountains’ vegetation formation most susceptible to climate change (Hemp, 2005).

Since the monsoon system is a major driver for precipitation amount and pattern, its activity is
considered as one of the driving factors in climate change in the past but also today. Nagai et al.
(1995) suggested that the intensity of the southeast trade wind bringing the moisture was reduced
during glaciation. Changes in ocean and wind dynamics of the western Pacific influence the climate
conditions, and hence, influence the vegetation in tropical East Africa (Marchant et al., 2006; Chan et
al., 2008). Based on lipids and 6D analysed in the sediment samples of Maundi crater, Zech et al.
(2009) suggest the prevalence of dry conditions during the early last Glacial/pre-LGM period. Lake
level records from Lake Malawi propose periods of extreme aridity between 135 —75 ka BP causing a
95% reduction in water volume. Also, pollen and diatom records from Lake Malawi indicate severe
drought events until about 95 ka BP (Cohen et al., 2007; Scholz et al., 2007). Cohen et al. (2007), as
well as Scholz et al. (2007), interpret this period of aridity to be far more extreme than any period
recorded in equatorial Africa during the LGM suggesting cool and semi desert conditions at Lake
Malawi. Such climatic conditions were also proposed for Lake Abhé, at the southern border between
Djibouti and Ethiopia, between 70 - 60 ka BP (Gasse, 1977).

For the period >42 ka BP Taylor (1990) suggests climate conditions similar to today. Pollen and
diatoms, as well as lake level records from Lake Malawi, Lake Bosumtwi (West Africa) and Lake
Tanganyika (East Africa), also suggest diminishing aridity after 70 — 60 ka BP indicated by rising lake
levels and an increase in montane forest taxa (Scholz et al., 2007). Other records from East Africa

(Rukiga Highlands, southwest Uganda (Taylor, 1990), Mt Kenya (Olago et al., 1999; 2001), Lake
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Albert, Ethiopia (Lézine, 1982) and Kashiru Swamp, Burundi (Bonnefille and Riollet, 1988)) report the
ericaceous belt position to be about 1050 m lower than today between 42 — 30 ka BP. Palaeo-
pedological results from the southern slopes of Mt Kilimanjaro suggest palaeo-climatically driven
fluctuations and changes of the vegetation zone. The downhill decent of the ericaceous belt of about
1000 m coincides with cold and dry periods like the LGM (Hemp and Beck, 2001; Zech, 2006). Early
assessments of the LGM interpreted this elevational shift to have resulted solely from lowered
temperature (~-6°C, Hamilton, 1972). Later, pollen-based reconstructions considering the combined
effect of changes in temperature and precipitation (Bonnefille et al., 1990; Bonnefille et al., 1992;
Vincens et al., 1993) suggested that the decent of vegetation zones was due to glacial climate being
both, cooler (by 3-4 °C) and drier (~30 % less precipitation). Carbon isotope analysis of leaf waxes
from Mt Kenya (2350 m asl) showed a significant expansion of C4 grasses during the last glacial
period (Street-Perrott et al., 2004). Multi-proxy studies from Mt Kenya confirmed the expansion of
C4 grasses on African mountains during the LGM (Wooller et al., 2001; 2003; Street-Perrott et al.,
2007), however, this could not be shown for Mt Kilimanjaro (Zech et al., 2011).

Geochemical and sedimentological data from Lake Tanganyika, southwest Tanzania, show very dry
conditions during the late Pleistocene (31 - 18 ka BP), and wetter conditions before and after that
period. The interval from 60-50 ka BP was comparatively wet, similar to modern conditions.
Intermediate aridity prevailed from 50-32 ka and was followed by intense aridity from 32 - 18 ka BP
(Felton et al., 2007). Based on a record of hydrological variability during the past 25 ka BP in Lake
Chala at the south-eastern foothills of Mt Kilimanjaro, Verschuren et al. (2009) propose that
monsoon rainfall varied at half-precessional (~11.5 ka BP) intervals in phases with orbital controlled
insolation forcing. The Lake Chala record implies moist conditions in equatorial East Africa during the
periods >25 - 20.5 ka BP (excl Heinrich event 2), 14.5 - 8.5 ka BP (excl Younger Dryas) and since 4.5 ka
BP. The LGM drought was immediately followed by a wet phase.

Studies on Lake Albert, the northernmost lake in Great Rift Valley at the border between Uganda and
the Democratic Republic of Congo, suggest lake level low stands due to dry conditions during the
LGM, from 20 - 18 ka and at 12.5 ka BP (Beuning et al., 1997).

Based on ice core data, Thompson et al (2002) distinguish two climate phases at Mt Kilimanjaro:
warmer and wetter conditions than today from 11 to 4 ka BP ago and relatively dry and cool
conditions over the past 4 ka BP. These results agree with several continental and marine records,
showing that the monsoon circulation and related rainfall over the northern tropics and equatorial
East Africa were considered stronger during the early to mid-Holocene (Gasse, 2000).

520 isotope records from Mt Kenya (Barker et al., 2001) and Mt Kilimanjaro (Thompson et al., 2002)

show similarities with a strong isotope depletion at 6.5 - 5.2 ka BP. However, the authors interpret
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their results differently. Thompson et al. (2002) suggest a substantial cooling for this time period,
whereas Barker et al. (2001) argue that they reflect exceptional heavy snowfall events.

Like Mt Kilimanjaro itself, the Eastern Arc Mountains stand out due to their high biodiversity in
animals as well as plants. More than 800 vascular plants, 10 % of which are trees, are known to be
endemic to that area (Burgess et al., 2007). Most of these species belong to forest ecosystems which
are restricted to higher elevations today. It is unknown yet whether the high number of endemic
species in this area evolved during times of closed forest covers between the Eastern Arc Mountains
and adjacent mountain systems or after their separation by savanna ecosystems as we find it today
(Hemp et al., 2009; Voje et al., 2009; Hemp et al., 2010).

The Eastern Arc Mountains have been proposed to be one of the several moist refugia in Africa
during the last glaciation. Pollen records show shifts from cooler and moister climate conditions prior
to the LGM to generally dry and cool conditions during the last part of the glacial period ~20 ka BP
(Mumbi et al., 2008). Similar conditions have been recorded from a number of studies in East Africa
(Coetzee and Rogers, 1982 (South Africa); Van Zindereren Bakker and Coetzee, 1988; Marchant et al.,
1997 (Uganda)). However, shifts of C3 and C4 plants reveal contradictive results for equatorial East
Africa (Street-Perrott et al., 1997 (Mt Kenya and Mt Elgon); Ficken et al., 2002 (Mt Kenya); Mumbi et
al., 2008 (EAM, Tanzania)). Some studies from the eastern highlands of central Africa recorded the
persistence of arboreal taxa such as llex, Myrica, Olea, Podocarpus and Syzygium throughout the
LGM (Bonnefille and Riollet, 1988 (Burundi); Bonnefille et al., 1990 (African tropics); Jolly et al., 1997
(Burundi, Rwanda, W Uganda)). Moist forests were generally present during the LGM along the East
African Mountains according to Anhuf et al. (2006).

In this paper we present the first palynological results of East African vegetation and climate history
spanning back to the last Glacial. In our research we assessed vegetation, climate and fire dynamics
of Mt Kilimanjaro based on pollen and charcoal data. We set out to provide more detail on past
environmental change in tropical East Africa, give new insights into biodiversity and vegetation

patterns and derive information on potentially responsible climatic factors.

Regional setting and study area
Mt Kilimanjaro is a relict of an ancient volcano which was formed as part of the East African

spreading zone. It is located 300 km south of the equator in Tanzania, near the border with Kenya
and about 300 km west of the Indian Ocean (Fig. 1a). It rises from savanna plains at 700 m up to its
glaciated summit at 5895 m asl.

The Mt Kilimanjaro area is characterized by a typical tropical day-time climate. Due to its equatorial
location, the precipitation pattern follows the position of the intertropical convergence zone (ITCZ)

and is strongly influenced by the activity of the Indian monsoon system. According to Képpen and
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Troll/Pfaffen (in Muller, 1989), Mt Kilimanjaro can be assigned to a seasonal dry tropical climate with
two pronounced wet seasons: a short one in November/December and a longer one from March to
May. Annual precipitation is modified by elevation and exposure to prevailing winds blowing inland
from the Indian Ocean and varies on the wet southern slope from 500 mm at the mountain foothills
to about 3000 mm at 2200 m asl. Higher up, at altitudes of 2700 m, 3000 m and 4000 m asl, rainfall
amounts to roughly 70 %, 50 % and 20 %, respectively of this annual maximum (Hemp, 2001b; Hemp,
2006c). The northern slopes, on the lee side of the mountain, receive much less annual rainfall. The
mean annual temperature decreases from 23.4 °C at the foothills in Moshi, 813 m asl (Walter et al.,
1975) linearly to -7.1 °C at the summit (Kibo) (Thompson et al., 2002). The lapse rate is about 0.6
°C/100 m which is typical for tropical mountains (Lauer, 1976). Frost can occur from 2700 m upwards

(Hemp, 2006a).
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Figure  1a: Map of Africa and location of Mt Kilimanjaro, Tanzania.
1b: Schematic north-south profile showing the western slope of Mt. Kilimanjaro (Shira, Kibo, Mawenzi) with main
altitudinal zones, vegetation types and location of Maundi Crater (arrow). 1: colline (savanna) zone; 2:
submontane zone with Croton-Calodendrum forest; a: coffee-banana plantations in the submontane zone on the
southern slope; b: submontane gorge forests on the southern slope; 3: lower montane zone with Cassipourea
forests on the northern slope and Agauria-Syzygium-Ocotea forests on the southern slope; 4: middle montane
zone with Cassipourea forests on the northern slope and Ocotea forests on the southern slope; 5: upper montane
zone with Juniperus forests on the northern slope and Podocarpus-Ocotea forests on the southern slope; 6:
subalpine zone with Juniperus forests on the northern slope and Podocarpus forests on the southern slope; 7:
subalpine zone with heathlands (Erica bush); 8: lower alpine zone with Helichrysum cushion vegetation; 9: upper
alpine and nival zone, mainly bare of vegetation. Changed after Hemp (2006a).
1c: Altitudinal vegetation zones on the southern slope of Mt. Kilimanjaro and location of Maundi Crater (arrow).
A: colline savanna zone, B: submontane cultivation zone, C: montane forest zone, D: subalpine zone, E: alpine
zone. On the south-eastern slope, where Maundi crater is located, the closed forest line is depressed due to
frequent fires.
1d: Rainfall distribution on the south eastern slope of Kilimanjaro. Climatically, Maundi crater is still part of the
southern slope receiving about 1500 mm of annual rainfall. Changed after Hemp (2006c).
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Covering about 5000 km?, Mt Kilimanjaro has several different bioclimatic zones (Fig. 1b/1c): A dry
and hot colline savanna zone surrounds the mountain base between 700 and 1100 m asl. Most of
this area is used for crop production (maize, beans and sunflowers) or as pasture land. Remnants of
the former savanna vegetation with Acacia, Terminalia, Grewia, Combretum woodlands are
encountered mainly around Lake Chala in the eastern foothills and on the north-western side of the
mountain. The submontane and lower montane forest belt between 1000 and 1800 m have been
converted to coffee-banana fields in the “Chagga home gardens”, a special type of agroforestry.
Here, the human population reaches a maximum density of more than 500 persons per km?’.
Remnants of the former forests of this zone, with Newtonia, Strombosia and Entandrophragma, are
hardly found outside of deep valleys and gorges. Montane tropical rain and cloud forests cover an
area of about 1000 km? on Mt Kilimanjaro. The lower parts of the forests on the wetter southern
slope are characterized by the dominance of the camphor tree (Ocotea usambarensis). However,
wide areas of these forests have been logged. Above the camphor belt the forest is dominated by
Podocarpus latifolius, Hagenia abyssinica and Erica excelsa. On the drier northern slope, forests are
comprised of Croton-Calodendrum at lower elevations, followed by Cassipourea at mid-altitudes and
Juniperus stands at higher altitudes. Above ca. 3100 m asl, the cloud forests are replaced by Erica
heathlands. Erica trimera forest remnants at 4000 m indicate the upper potential natural forest line.
Above this altitude, the Erica heathlands change into Helichrysum dwarf cushion vegetation that
extends up to 4500 m asl. The highest altitudinal region is very poor in vegetation and the top of
Kibo, the main summit, is covered with glaciers. For a more detailed description of these vegetation
types see Hemp (2001b; 2006a; 2006c).

The Maundi Crater (3°10'27.5“S, 37°31’05.8“E) is located on the south-eastern slope of Mt
Kilimanjaro at 2780 m asl, receiving about 1500 mm of annual rainfall with a mean annual
temperature of 9 °C (Fig. 1b/1c/1d). Due to the prevailing SE monsoon, the Maundi crater is
dominated by the climate conditions of the southern slope of Kilimanjaro (Hemp 2006a) (Fig. 1d).
Likewise, the vegetation composition typical for the wetter southern slope also occurs around the
crater (Fig. 1b/1c). The centre of the crater forms a small swamp which is dry during most of the
year. However, during the rainy seasons the centre of the swamp can be filled with shallow water
temporarily. The crater has a diameter of about 60 m and is 20-30 m deep. The bedrock material
consists of porphyric rocks (Downie et al., 1956). On the north-western side of the crater rim a low-
stature Erica forest with trees such as Erica excelsa, Myrsine melanophloeos and Schefflera volkensii
grows. In the shrub layer young Podocarpus, llex and Xymalos trees indicate the regeneration of a
Podocarpus forest after fire. The herb layer is dominated by ferns (Asplenium ssp., Dryopteris ssp.),
Lycopodium clavatum, Alchemilla volkensii, and Rubus steudneri. The swamp on the bottom of the

crater consists mainly of Carex conferta, whereas Festuca obturbans and Helichrysum ssp. dominate
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the vegetation of the inner slopes. At an elevation of 2780 m asl the Maundi Crater is located in an
area where the closed forest grades into open Erica bush, i.e. in the interface between the upper
montane forest and the subalpine heath land. The term “subalpine” is applied to the transition zone
between the broad leaf montane forest and the alpine Helichrysum scrub vegetation (the tree line-
ecotone sensu Korner, 2003b). It corresponds closely to the “ericaceous belt” of Hedberg (1951) (for
the definition of the different altitudinal zones on Kilimanjaro compare Hemp, 2006a). Due to
frequent fires on the south-eastern slope the actual upper forest line is strongly depressed, whereas

the potential tree line on Kilimanjaro lays at 4000 m (Hemp, 2005).

Material and methods

Material collection, pollen, charcoal and sediment analysis

In total 74 sediment samples were taken from a soil pit in the centre of the dry crater. Samples from
0 - 240 cm were hand collected and the samples from 240 — 646 cm were obtained by downward
coring in the same spot first using an Eijkelkamp piston corer (50 cm length, 4 cm diameter) and for
the lower more compacted part of the profile an Edelman corer. Samples were collected at about
every 10 cm, transferred and transported in plastic tubes, and kept under cool conditions. For pollen
and charcoal analysis a sample volume of 0.5 cm® was prepared in the lab applying the standard
method (Faegri and Iversen, 1989). The extracted pollen samples were mounted in glycerine jelly for
pollen identification and counting. At least 300 pollen grains were counted for each sample. For
pollen analysis, the determination was carried out using light microscopy with 400x and 1000x
maghnification. The references consulted included our own reference pollen collection of Tanzania of
about 1500 taxa, the online African Pollen Database (Lézine, 2001), and African Tropical Pollen book
(Assemien et al., 1974). The charcoal particles were counted on the pollen slides. Charcoal selection
was restricted to fragments that are black, completely opaque and angular (Swain, 1973). Each

charcoal particle > 10um was counted using the grid count method (Patterson et al., 1987).

Data Analysis
In total 19 samples had to be omitted (40, 45, 55, 70, 77, 112, 120, 398, 400, 408, 423, 438, 448, 458,

468, 478, 488, 498, 508, 518 cm) from the data analysis since pollen grains were absent in these
samples. The data gaps are grey-shaded in the pollen diagram. In total 11 samples (Tab. 1) were AMS
dated in the 14C laboratory of Poznan/Poland and at the Physical Institute of the University Erlangen-
Nirnberg/Germany, then calibrated with the online version of CalPal (Danzeglocke et al., 2009). We
used a linear age-depth model to infer the time scale for the pollen diagram and the

chronostratigraphy (Fig. 2, Tab. 1). According to Fig. 2 a sampling distance of 10 cm provides a time
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resolution of ca. 1 ka. The lower part of the core dates prior 40 ka and age estimates there are

derived by linear extrapolation.

Pollen Diagram
The pollen diagram was compiled and analysed with the program Psimpoll (Bennett, 1998). The

percentage diagram is based on the pollen sum which includes all pollen taxa and excludes fungi and
fern spores. For the calculation of the 7 pollen zones the CONISS (Constrained cluster analysis by
sum-of-squares) method was used. Samples without pollen were excluded from the CONISS to avoid
biases. Pollen and spore diversity refers to the total number of morphologically distinct pollen and
spore types identified. The classification of pollen taxa into vegetation zones (savanna, submontane
forest, montane forest, ericaceous vegetation and alpine vegetation) was based on studies of Hemp
(2006a). Based on the growth form of plant taxa, we further assigned the pollen taxa to groups of

herbs, trees, shrubs and lianas (see Tab. 2 in electronic supplements for more detailed information).

Multivariate Data Analysis
The multivariate data analyses were accomplished with the programs CANOCO and CanoDraw for

Windows (ter Braak and Smilauer, 1997; Leps and Smilauer, 2003). After a detrended
correspondence analysis (DCA) had revealed a gradient length of 1.714 (1* PCA axis), we applied a
principle component analysis (PCA) as recommended by Leps and Smilauer (2003) for data sets with
short environmental gradients. The species data was standardized and log transformed. The
ordination diagram was centred by species and the scaling is focused on inter-sample distance. In
order to compare the results of the pollen diagram with the multivariate data analysis, we performed
a PCA with the full data set including all species and sample. For the detailed analysis of samples
dated to the Glacial after the data gap between 423 and 518 cm, we performed a partial PCA

ordinating all species but only samples belonging to this time period (see supplements).
