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Summary

The ongoing rise in global temperature is one of the most important factors that will affect
vegetation composition and tree line displacement. East African high-altitude mountains are
susceptible to climate change and human activities and offer crucial insight into the spatial and
temporal dynamics of the region's ecosystems. However, little is known on the past environment
of these high-altitude mountain ecosystems. This is mostly challenged by a lack of suitable
sediment archives, reliable radiocarbon dating, and unambiguous proxy interpretation. In East
Africa, the Ericaceous belt characterizes the higher tree line ecotone. It extends from 3200 to 3800
m asl in the Bale Mountains. However, discrete heather (Erica sp.) patches, primarily restricted to
boulder-rich sites, are found above 3800 m asl, while Afroalpine species such as Helichrysum,
Alchemilla, and grass mainly cover the vast area of the Sanetti Plateau. Previous
paleoenvironmental studies suggest that Ericaceous vegetation extended to the higher altitudes of
the Sanetti Plateau during the beginning of the Holocene, correlating with warmer and wetter
climatic conditions, and the Erica patches are supposed as relics of this expansion. By contrast,
other studies suggest human-induced fire as a cause factor for the decline of the Erica tree line.
However, it is still unclear why these Erica patches are mainly restricted to the big boulders.

In this thesis, the potential of stable isotopes (5§**C and §'°N), sugar biomarkers, lignin, and n-
alkanes is assessed to distinguish Erica from other dominant plants and their implication for
paleovegetation reconstruction. Moreover, the sources of n-alkanes and sugar biomarkers in two
sediment archives of the Bale Mountains (Garba Guracha and B4 depression on the Sanetti
Plateau) are investigated. By examining the sediments of a depression located above the upper tree
line of Erica at 3950 m asl, the climate, fire, and vegetation history of the Sanetti Plateau is
reconstructed using a multi-proxy approach. Besides, the environmental features and soil
properties of Erica patches and nearby Erica-free sites covered by Afroalpine vegetation are
investigated in order to uncover determining factors for the current patchy distribution of Erica on
the Sanetti Plateau.

All dominant plants along the northeast and southwest transects of the Bale Mountains are
characterized as C3 vegetation. Erica spp. could not be differentiated from other dominant plants
by their stable isotope signatures. Moreover, due to degradation and mineralization, §*3C and §'°N
become more positive in the soils below the dominant vegetation. Erica is characterized by low
sugar content and high (G+M)/(A+X) ratios. However, a similar pattern cannot be retained in the
soils. Instead, the ratios generally increase due to preferential degradation of arabinose and xylose
and microbial input of galactose and mannose. Erica spp. was characterized by cinnamyl
percentages of > 40% and a high ratio of C/(V+S+C). However, the ratio decreases in the soils
below Erica due to selective degradation and increases below Festuca, likely due to lignin input
by roots. A low Cs1/C29 ratio further characterizes Erica leaves. However, this ratio is also affected
by degradation. Therefore, the use of these proxies alone will not result in unambiguous
palaeovegetation reconstruction in the Bale Mountains. The relative abundances of long-chain n-
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Summary

alkanes Ca9, C31, and Cas in sediments are similar to the modern samples, indicating that they are
derived from terrestrial sources. By contrast, the relative contribution of C27 and mid-chain n-
alkanes C2z and Czs is significantly higher in sediments of Garba Guracha and B4 and lower in
modern samples. This finding proves that aquatic macrophytes are the likely source of mid-chain
n-alkanes in sediments. The relatively high abundances of galactose and mannose in the Garba
Guracha sediments might be attributed to contributions by both soil and aquatic microorganisms.
The relative abundances of fucose and rhamnose are significantly higher in the Garba Guracha
sediments than in the modern samples. Moreover, sediment samples are characterized by higher
ratios of (fuc + rham) / (ara + xyl) than modern samples. Therefore, this ratio can be used as a
proxy for organic matter source identification in the Bale Mountains. Nevertheless, since using a
single proxy often leads to ambiguity, a muti-proxy approach is implemented to reconstruct the
paleoenvironmental condition of the Sanetti Plateau.

The results of this thesis provide a new deglaciation age for the Sanetti plateau at 18.2 cal kyr
BP. After deglaciation at about 18 cal kyr BP, a steppe-like herb-rich grassland with maximum
Chenopodiaceae/Amaranthaceae and Plantago existed. Dry climatic conditions were recorded
between 16.6 and 15.7 cal kyr BP with a desiccation layer at 16.3 cal kyr BP, documenting a
temporary phase of maximum aridity on the plateau correlating with Heinrich Event 1. At 15.7 cal
kyr BP, an abrupt onset of the African Humid Period, almost 1000 years before the onset of the
Balling—Allergd warming in the North-Atlantic region and about 300 years earlier than in the Lake
Tana region, is recorded. Erica pollen increased significantly between 14.4 and 13.6 cal kyr BP in
agreement with periodically wet and regionally warm conditions. Similarly, fire events,
documented by increased black carbon contents, correlate with wet and warm environmental
conditions that promote the growth of Erica shrubs. This allows to conclude that biomass and,
thus, fuel availability is one important factor controlling fire events in the Bale Mountains.

Erica and control plots without Erica have comparable topography and soil texture except for
the higher amounts of boulders covering the Erica plots. However, soils covered by Erica patches
generally have higher total organic carbon and black carbon contents and a higher carbon-to-
nitrogen ratio indicating fresh organic matter input and availability of combustible fuel. Moreover,
it implies that Erica did not fully cover control plots in the former time because the soil horizons
would have similar properties to the corresponding horizons of the Erica plots. In addition, soils
of the Erica plots showed more positive §*3C values than the control soils, possibly attributed to
water stress. In general, the structure of the landscape and soil conditions of control plots might
support the growth of Erica. However, Erica growing between boulders at the upper timberline
seems to benefit strongly from the favorable microclimate created by dark basalt boulders and the
physical protection against grazing and fire.



Zusammenfassung

Der anhaltende globale Temperaturanstieg ist einer der wichtigsten Faktoren, der die
Zusammensetzung der Vegetation und die Verschiebung der Baumgrenze beeinflussen wird. Die
ostafrikanischen Hochgebirge sind anfallig fiir den Klimawandel und menschliche Aktivitéten und
bieten entscheidende Einblicke in die raumliche und zeitliche Dynamik der Okosysteme dieser
Region. Allerdings ist nur wenig tber die frihere Umwelt dieser hochgelegenen Bergokosysteme
bekannt. Dies wird vor allem dadurch erschwert, dass es an geeigneten Sedimentarchiven,
zuverlassigen Radiokohlenstoffdatierungen und eindeutigen Proxy-Interpretationen mangelt. In
Ostafrika charakterisiert der Erica-Gurtel den Okoton der hoheren Baumgrenze. Der Erica-Giirtel
erstreckt sich von 3200 bis 3800 m asl in den Bale-Bergen. Oberhalb von 3800 m asl finden sich
jedoch vereinzelte Heidekrautflachen (Erica sp.), die hauptséchlich auf felsenreiche Standorte
beschrankt sind, wéhrend Afroalpine Arten wie Helichrysum, Alchemilla und Gréser hauptsachlich
die weite Flache des Sanetti-Plateaus bedecken. Friihere paldodkologische Studien deuten darauf
hin, dass sich die Erica-Vegetation zu Beginn des Holozéns in die héheren Lagen des Sanetti-
Plateaus ausbreitete, vermutlich im Zusammenhang mit warmeren und feuchteren
Klimabedingungen korreliert; die heute noch vorkommenden Erica-Flecken werden als Relikte
dieser Ausbreitung interpretiert. Im Gegensatz dazu deuten andere Studien auf vom Menschen
verursachte Brénde als Ursache fur den Rickgang der Erica-Baumgrenze hin. Es ist jedoch noch
unklar, warum diese Erica-Flecken hauptsachlich auf blockreichen Standorten beschrénkt sind.

In dieser Arbeit wird zundchst gepriift ob sich Erica von anderen Pflanzen in Bezug auf Gehalte
an stabilen Isotopen (8°C und §*°N), Zucker-Biomarkern, Lignin und n-Alkanen unterscheiden
und sich damit zur Rekonstruktion der Paldovegetation eignen. Darlber hinaus werden die Quellen
von n-Alkanen und Zucker-Biomarkern in zwei Sedimentarchiven des Bale-Gebirges (Garba
Guracha und B4-Senke auf dem Sanetti-Plateau) untersucht. Anhand der Analyse von Sedimenten
oberhalb der oberen Baumgrenze von Erica auf 3950 m asl befindet, wird die Klima-, Feuer- und
Vegetationsgeschichte des Sanetti-Plateaus mit Hilfe eines Multiproxy-Ansatzes rekonstruiert.
Aullerdem werden die Umweltmerkmale und Bodeneigenschaften von Erica-Flecken und
nahegelegenen Erica-freien Standorten mit Afroalpiner Vegetation untersucht, um die Faktoren
zu ermitteln, die fiir die derzeitige lickenhafte Verbreitung von Erica auf dem Sanetti-Plateau
ausschlaggebend sind.

Alle dominanten Pflanzen entlang der norddstlichen und siidwestlichen Transekte der Bale
Berge von 2550 bis 4377 m asl sind C3-Pflanzen charakterisiert. Erica spp. konnten anhand ihrer
stabilen Isotopensignaturen nicht von anderen dominanten Pflanzen unterschieden werden.
Dariiber hinaus werden §C und 8N in den Bdden unterhalb der dominanten Vegetation
aufgrund von Degradation und Mineralisierung positiver. Erica ist durch einen niedrigen
Zuckergehalt und ein hohes (G+M)/(A+X)-Verhéltnis gekennzeichnet. Ein dhnliches Muster l&sst
sich jedoch in den Bdden nicht nachweisen. Stattdessen steigen die Verhéltnisse im Allgemeinen
aufgrund des bevorzugten Abbaus von Arabinose und Xylose und des mikrobiellen Eintrags von
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Zusammenfassung

Galaktose und Mannose. Erica spp. zeichnete sich durch Cinnamyl-Anteile von > 40 % und
ein hohes Verhéltnis von C/(V+S+C) aus. Das Verhéltnis sinkt jedoch in den Béden unterhalb von
Erica aufgrund selektiven Abbaus von Cinnamyl-Einheiten und steigt unter Festuca,
wahrscheinlich aufgrund des Lignineintrags durch die Wurzeln. Ein niedriges Cs1/Cze-Verhaltnis
von n-Alkanen kennzeichnet die Blatter von Erica. Allerdings wird auch dieses Verhéltnis durch
den Abbau beeinflusst. Daher eignen sich diese Proxies alleine nicht fiir eine eindeutige
Rekonstruktion der Paldovegetation in den Bale Mountains. Die relativen Haufigkeiten der
langkettigen n-Alkane C29, Ca1 und Css in &lteren Sedimenten sind &hnlich wie in rezenten
Oberboden Proben, was darauf hindeutet, dass sie aus terrestrischen Quellen stammen. Im
Gegensatz dazu ist der relative Beitrag von Cz7 und mittelkettigen n-Alkanen Cz2s und Czs in den
Sedimenten von Garba Guracha und B4 signifikant hoher als in rezenten Proben. Dieses Ergebnis
beweist, dass aquatische Makrophyten die wahrscheinliche Quelle fir mittelkettige n-Alkane in
Sedimenten sind. Die relativ hohen Gehalte an Galaktose und Mannose in den Sedimenten von
Garba Guracha konnten auf Beitrdge sowohl von Boden-als auch von aquatischen
Mikroorganismen zurlickgefiihrt werden. Der relative Anteil von Fucose und Rhamnose ist in den
Garba-Guracha-Sedimenten deutlich hoher als in den rezenten Proben. AuRerdem weisen die
Sedimentproben ein héheres Verhéltnis von (fuc + rham)/ (ara + xyl) auf als die modernen Proben.
Daher kann dieses Verhéltnis als N&dherungswert flr die Identifizierung der organischen Materie
im Bale-Gebirge verwendet werden. Da die Verwendung einer einzigen Proxy-Probe jedoch oft
zu Unklarheiten fihrt, wird ein Multi-Proxy-Ansatz verwendet, um die paldodkologischen
Bedingungen auf dem Sanetti-Plateau zu rekonstruieren.

Nach dem Abschmelzen der Gletscher auf dem Sanetti-Plateau um 18 cal kyr BP existierte ein
steppenartiges, krauterreiches Grasland mit einem Maximum an Chenopodiaceae/Amaranthaceae
und Plantago. Trockene Bedingungen zwischen 16,6 und 15,7 cal kyr BP fiihrten zu einer volligen
Austrocknung der Senke um 16,3 cal kyr BP. Diese Trockenheit auf dem Plateau korreliert mit
dem Heinrich-Ereignis 1. Um 15,7 cal kyr BP wurde ein abrupter Beginn der afrikanischen
Feuchtperiode festgestellt, fast 1000 Jahre vor dem Beginn der Bglling-Allergd-Warmzeit in der
nordatlantischen Region und etwa 300 Jahre friiher als in der Tanasee-Region. Erica-Pollen
nahmen zwischen 14,4 und 13,6 cal kyr BP in Ubereinstimmung mit periodisch feuchten und
regional warmen Bedingungen deutlich zu. Ebenso korrelieren intensive Feuerereignisse, belegt
durch erhohten Gehalte an Black Carbon, mit feuchten und warmen Umweltbedingungen, die das
Wachstum von Erica-Strauchern fordern. Dies l&sst den Schluss zu, dass die Biomasse und damit
die Verflgbarkeit von Brennmaterial ein wichtiger Faktor ist, der die Feuerereignisse in den Bale
Mountains kontrolliert.

Probeflachen mit und ohne Erica (Kontrollflachen) haben eine vergleichbare Topografie und
Bodentextur. Allerdings weisen die Erica-plots stets grofie Basaltblocke auf und im allgemeinen
hohere Gehalte an organischem kohlenstoff und Black Carbon sowie ein hoheres Kohlenstoff-zu-
Stickstoff-Verhaltnis auf was auf den Eintrag von frischer organischer Substanz. Auf3erdem deutet
dies darauf hin, dass die Kontrollflachen friher nicht vollstdndig mit Erica bestockt waren, denn
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Zusammenfassung

sollten zumindest die bodenhorizon wie die entsprechenden Horizonte der Erica-Flachen
aufweisen. Dariiber hinaus wiesen die Boden der Erica-Parzellen positivere §**C-Werte auf als die
Kontrollbdden, was maglicherweise auf Wasserstress zurlckzufiihren ist. Topographie und
Bodenbedingungen der Kontrollflachen oberhalb 3800 m asl wirden das Wachstum von Erica.
Die dunklen Basalt-Blocken oberhalb der oberen Waldgrenze scheinen jedoch das Mikroklima zu
verbessern und vor Beweidung und Feuer zu schitzenund so das Uberleben von Erica zu
ermaoglichen.
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1. Introduction

1.1. Background

Global climate change is significantly influencing vegetation composition and tree line
displacement (Kidane et al., 2022; Korner, 2007; Kdrner, 2012). This is especially severe in
tropical rainforest zones, where temperatures rise at a mean rate of 0.26 + 0.05 °C every decade
due to increased anthropogenic greenhouse effects (Malhi and Wright, 2004). Due to their
vulnerability to climate change and human impacts, East African high-altitudes provide vital
information on past and present vegetation dynamics. Furthermore, they produce essential natural
resources, such as wood and non-wood products, and serve as a hygro-buffer, benefitting the water
balance of the mountain ecosystem and the agricultural areas in the adjacent lowlands (Miehe &
Miehe, 1994). Moreover, a diverse range of indigenous flora and fauna can be found in the high-
altitude African mountains. Therefore, a better understanding of the ecological status of these sites
and what causes tree line dynamics helps biodiversity practitioners to develop an effective
biodiversity plan and understand how climate change and human activity affect biodiversity.

Various global and regional climatic events have occurred in the East African Mountains (Costa
et al., 2014; Lamb et al., 2018; Thompson et al., 2002). For instance, during the Last Glacial
Maximum (LGM; 23-18 cal kyr BP), East African mountains such as Kilimanjaro, Mount Kenya,
Mount Bada, Rwenzori, Mount Elgon, and Ethiopian highlands were covered by ice (Groos et al.,
2021; Lamb et al., 2018; Mark and Osmaston, 2008; Osmaston et al., 2005; Thompson et al.,
2002). In addition, a brief dry event related to Heinrich Event 1 (H1) was recorded in northern and
southern Africa around 1617 cal kyr BP (Lamb et al., 2007; Marshall et al., 2009; Mohtadi et al.,
2014; Stager et al., 2011; Tierney et al., 2008). Furthermore, studies from northern Africa provide
evidence for the occurrence of the African Humid Period (AHP) between about 15.5 and 5 cal kyr
BP (Costa et al., 2014; Kuzmicheva et al., 2014; Lamb et al., 2007; Tierney et al., 2013, 2011,
Tierney and DeMenocal, 2013). This climatic variability triggers the responsiveness of the
altitudinal tree limit as environmental conditions constrain tree growth with increasing altitude. As
aresult, during the dry and cold LGM and warm and wet Holocene periods, tree lines were lowered
and rose in tropical Africa (Groos et al., 2021; Umer et al., 2007; Wu et al., 2007).

Erica, also known as heathers or heath, is one of the most widely spread plant genera in the
family of Ericaceae (Kron et al., 2002; Oliver, 1989). Its geographical range includes Europe, the
Middle East, and Africa (Mcguire and Kron, 2011; Quézel, 1978). The Ericaceous belt forms the
upper tree line ecotone in East Africa. Similar to other African mountains, the ericaceous
vegetation is highly distributed in northern (Siemen Mountains and Tigray) and southern Ethiopia
(Bale Mountains, Bada, and Arsi highlands) (Friis et al., 2010). In the Bale Mountains, the
Ericaceous belt covers an area of 90,000 ha and ranges in altitude from about 3200 to 3800 m asl
(Hailemariam et al., 2016; Miehe and Miehe, 1994). It is mainly dominated by Erica trimera
(Engl.) and Erica arborea L. (Erica hereafter) (Hedberg, 1951; Miehe and Miehe, 1994). Studies
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from the surroundings of the Bale Mountains indicate the presence of Ericaceous vegetation since
2.5 myr (Bonnefille, 1983). Moreover, similar studies suggest that the Ericaceous belt in Mount
Bada was formed between 8000 and 3500 cal kyr BP (Bonnefille and Hamilton, 2015).

The Bale Mountains were one of the highly glaciated mountains during the LGM (Groos et al.,
2021; Osmaston et al., 2005; Tiercelin et al., 2008). Due to the temperature decrease, the
Afroalpine vegetation belt shifted downward by 700 m (Groos et al., 2021). A pollen study from
the glacial lake Garba Guracha shows that Ericaceous vegetation started to expand to the higher
altitudes of the Sanetti Plateau with the beginning of the Holocene correlating with the warmer
and wetter environmental conditions (Umer et al., 2007). This study is also supported by
Kuzmicheva et al. (2013), which reported the expansion of the ericoid family on the Sanetti Plateau
at around 10 cal kyr BP. However, Umer et al. (2007) and Bittner et al. (2020) further described a
dry event around 4.5 cal kyr BP, which resulted in the decrease of the Erica vegetation in altitude
and area, while Afroalpine species such as Alchemilla and Helichrysum expanded on the Sanetti
Plateau. Currently, the vast area of the Sanetti Plateau, above ca. 3800 m asl, is mainly covered by
Afroalpine species. By contrast, discrete Erica patches are primarily restricted to boulder-rich
sites. These Erica patches are supposed to be relics of the former expansion of Erica during the
warmer early Holocene (Miehe and Miehe, 1994). However, it is still unclear why these Erica
patches are mainly restricted to the big boulders.

While climatic fluctuations are being considered to play a significant role in determining
vegetation changes in the Bale Mountains (Miehe and Miehe, 1994; Umer et al. 2007), other
scholars argue that human-induced fire is the most likely explanation for the decrease of the Erica
tree line (Kidane et al., 2012; Miehe and Miehe, 1994; Wesche et al., 2000). Fire has been recorded
in the Bale Mountains for hundreds to thousands of years (Gil-Romera et al., 2019). However,
whether previous fires were linked to human impacts or natural lightning is unclear. According to
Ossendorf et al. (2019), human settlement began around 47 cal kyr BP. Currently, fires in the Bale
Mountains are primarily caused by pastoralists who have settled in the national park, believing
that removing Erica shrubs improves pasture quality and eliminates predators and insects that
attack their livestock. However, the impact of human-induced fire on vegetation composition
change and biodiversity conservation is debatable (Johansson et al., 2018).

The main objectives of this thesis are:

Q) To assess the utility of stable isotopes, hemicellulose sugars, n-alkanes, and lignin
biomarkers for the chemotaxonomic characterization of modern plants and soils in the
Bale Mountains, as well as their applicability for paleoenvironmental reconstruction

(i)  To identify terrestrial versus aquatic sedimentary n-alkanes and sugar biomarkers

(ili)  To reconstruct the paleoenvironmental history of the Sanetti Plateau using a multi
proxy-approach as deduced from a sedimentary archive
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(iv)  To identify the factors responsible for the current distribution of the Erica patches on
the Plateau.

1.2.  Stable isotopes, hemicellulose sugars, n-alkanes, and lignin biomarkers

Many ecological processes and vegetation changes caused by climate change and anthropogenic
factors are traced using stable carbon (5'3C) and nitrogen (5'°N) isotopes (Dawson et al., 2002;
Marshall et al., 2007). 5'C analyses of leaves and soils determine historical alterations in C3
woodland and C4 grassland boundaries (Eshetu, 2002). This is because C3 and C4 plants have
different photosynthetic processes. For instance, savannah grasses that use the C4 metabolic
pathways are enriched in §3C (~ -14%o), while trees and grasses that use C3 cycles are depleted
in 8 13C (~ -27%o) (Eshetu and Hogberg, 2000; Marshall et al., 2007; Tiunov, 2007). Besides, §13C
is a prominent proxy for determining plant water status (Fischer, 2011). Water stress leads to less
negative 3C values in dry tissue due to stomatal constraints on gas diffusion during periods of
biomass production (Kérner, 1999). Furthermore, §'3C is a valuable indicator of the source of
organic matter in marine environments (Meyers, 1994). Despite its widespread use, §°C
interpretation is often limited by factors such as soil organic matter degradation and
methanogenesis, which question the credibility of reconstructed paleovegetation using bulk
isotope analyses (Farquhar et al., 1982; Zech et al., 2007).

Sugar monomers, n-alkanes, and lignin are used for the chemotaxonomic characterization of
vascular plants (Schédel et al., 2010). For example, pentose sugars such as arabinose and xylose
are abundant in plants, while hexose sugars like galactose and mannose are the main components
of bacterial cell walls (Gunina and Kuzyakov, 2015; Oades, 1984). Therefore, a ratio between
these sugar biomarkers (galactose + mannose)/(arabinose + xylose) is used to distinguish between
microbial and terrestrial-derived organic matter in modern soils (Jia et al., 2008; Oades, 1984).

n-Alkanes are essential constituents of epicuticular plant leaf waxes (Kolattukudy, 1970), which
protect the plants against excessive evaporation and fungal and insect attacks (Eglinton and
Hamilton, 1967; Koch et al., 2009). Due to their recalcitrant nature, n-alkanes are well preserved
in sedimentary archives. As a result, they received increasing scientific attention during the last
decades as molecular markers to trace the origin of organic matter and as proxies for paleoclimate
studies (Eglinton and Eglinton, 2008; Glaser and Zech, 2005) The potential of n-alkanes for
chemotaxonomic studies has been suggested based on the finding that the homologues C27 and Cag
are predominately derived from trees and shrubs, whereas homologues Cs1 and Cs3 are
predominately derived from grasses and herbs (Schafer et al., 2016; Zech et al., 2009).

Lignin-derived phenols of the vanillyl (V), syringyl (S), and cinnamyl (C) types are used to
differentiate sources of organic matter in soils and provide information about the state of
degradation of vascular plant materials in the terrestrial and aquatic sediments (Hedges et al., 1988;
Tareq et al., 2006, 2004; Ziegler et al., 1986). For instance, low ratios of S/V ~ 0 were considered
a proxy of gymnosperms, and high values of S/V ratios were found to indicate the presence of
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angiosperms (Tareq et al., 2004). Likewise, the C/V ratios are proposed to indicate the abundance
of woody (C/V < 0.1) and non-woody (C/V > 0.1) vegetation in soils and sediments (Tareq et al.,
2011). Moreover, the ratios of acid to aldehyde forms of vanillyl (Ac/Al)v and syringy! units
(Ac/Al)v were suggested as proxies for quantifying the degree of lignin degradation (Amelung et
al., 2002; Hedges et al., 1985).

1.3. Paleoenvironmental reconstruction

Paleoecological studies enable a better understanding of the factors responsible for spatial and
temporal vegetation changes. However, paleoenvironmental reconstruction is often challenged by
a lack of suitable sediment archives, reliable dating, and unambiguous proxy interpretation. For
instance, our knowledge of the paleoenvironmental history of the Bale Mountains is mainly from
pollen-based studies done in Garba Guracha (Umer et al., 2007). Pollen is a powerful proxy that
provides a broad understanding of changes in climate and vegetation (Brewer et al., 2013).
However, its reliability is often challenged by the difference in pollen production and dispersion
among different taxa (Hevly, 1981). In addition, distinguishing between terrestrial and aquatic
sedimentary organic matter is a prerequisite in paleoenvironmental investigations. §3C
measurements of bulk sediments and TOC/N ratios are widely used in paleoenvironmental
reconstruction. However, since the organic matter in the sedimentary archives is derived from
different sources, it is often difficult to unambiguously identify between terrestrial and aquatic
sources by using only a single proxy (Andersson et al., 2012; Meyers and Ishiwatari, 1993). Lipid
biomarkers such as n-alkane ratios complement organic matter source identification in
paleoenvironmental reconstruction (Zech et al., 2012, 2009). The ratio between long-chain and
mid-chain n-alkanes, is frequently used for organic matter source identification. This is because
long-chain n-alkanes are abundant in terrestrial plants, while mid-chain n-alkanes characterize
aquatic macrophytes (Ficken et al., 2000). Likewise, in paleolimnological studies, Hepp et al.
(2016) used the sugar ratios fucose/(arabinose + xylose) and (fucose + xylose)/arabinose as proxies
to distinguish between terrestrial and aquatic sedimentary organic matter. The Hydrogen index
(HI) is also used as an indicator of lake level fluctuation and weathering intensity (Talbot and
Livingstone, 1989). Moreover, due to their geochemical stability, lithogenic elements such as Zr,
Hf, Nb, and Ti are often used in paleoenvironmental studies to indicate detrital and allochthones
input (Davies et al., 2015).

Black carbon (BC) is used to reconstruct fire history due to its polycyclic aromatic structure,
which highly resists chemical and biological degradation (Glaser et al., 1998; Kuzyakov et al.,
2014; Preston and Schmidt, 2006). Furthermore, the ratios between individual benzene
polycarboxylic acids (BPCA) can be used as indicators of fuel sources and the degree of
combustion (Wolf et al., 2013). In the Bale Mountains, fire history is so far reconstructed using
charcoal counts (Gil-Romera et al., 2019). While charcoal is usually detected visually using a
microscope, BC is detected using BPCA as a molecular marker, which enables quantifying the
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complex signature of pyrogenic carbon more precisely, especially when charcoal is not visible
anymore.

Therefore, in this dissertation, the origin of sedimentary n-alkanes and sugar biomarkers in
sedimentary archives of the Bale Mountains were studied. Moreover, all the above-mentioned
biomarkers and proxies are combined to reconstruct the paleoenvironmental history of the Bale
Mountains by investigating a depression located on the Sanetti Plateau.

1.4.  Environmental factors determining the occurrence of Erica on the Sanetti Plateau

Climate and anthropogenic factors such as fire and grazing are postulated as determining factors
for the displacement of the upper tree line of the ericaceous vegetation in the Bale Mountains
(Fagundez, 2013; Jacob et al., 2015; Johansson et al., 2018; Kidane et al., 2022; Miehe and Miehe,
1994; Wesche et al., 2000). However, the impact of soil properties and topography is not well
known. For example, on the Sanetti Plateau, Erica patches occur above its upper tree limit, often
growing on boulder-rich sites between the boulders, while areas located a few meters away without
boulders are covered by Afroalpine vegetation. The big boulders are assumed to protect against
fire and grazing (Miehe and Miehe, 1994). Moreover, dark basalt boulders may have created a
microclimate suitable for the survival of Erica patches. To better understand the situation, this
thesis evaluates whether boulder-rich Erica plots differ in soil properties and topographic features
compared to nearby locations without Erica (control plots).
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1.5.

Research questions

This Ph.D. dissertation is part of the DFG research unit 2358 entitled "The Mountain Exile
Hypothesis — How humans benefited from and re-shaped African high altitude ecosystems during
the Quaternary climate change" within Sub-Project 2 "Human impact on fire history and
destruction of Erica vegetation at the Sanetti Plateau, Ethiopia, as assessed by biogeochemical
proxies of Anthrosols and depression sediments” which aims to reconstruct the chronology and
intensity of the human occupation of the Bale Mountains and possible impacts on the deforestation
of the Sanetti Plateau. The main focus of this Ph.D. dissertation is to contribute to a better
understanding of the past and present status of the Ericaceous vegetation and possible drivers of
its spatial and temporal dynamics in the Bale Mountains by answering the following questions.

(i)

(i)

(iii)

(iv)

(v)

(vi)

(vii)

Do stable isotopes, sugar biomarkers, n-alkanes, and lignin phenols allow to
chemotaxonomically differentiate between Erica and other dominant plants and their
respective soils in the Bale Mountains?

Are n-alkanes and sugar biomarkers potential biomarkers for organic matter source
identification of sedimentary archives in the Bale Mountains?

Did the high altitudes of the Sanetti Plateau experience similar climatic fluctuations in
timing as the lower regions in northern and eastern Africa during the Late Glacial?

When and to what degree did Erica occupy the high altitudes of the Sanetti Plateau,
where only patches are found at present?

Are these patches of Erica relics documenting climate deterioration or human-induced
fire?

Are topography and the soil properties of Erica plots different from nearby control
plots occupied by Afroalpine plants?

Is there any evidence that Erica has occupied the non-Erica sites during former times?
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2. Study area
2.1.  Geographical setting

The Bale Mountains National Park is situated on the eastern side of the rift valley in the National
Regional State of Oromia, 400 kilometers southeast of Addis Ababa. It lies between 6° 40" and 7°
10" N and 39° 30" and 39° 58' E (Hillman, 1988). The National Park was established in 1971 to
preserve the diverse and unique flora and fauna (Hillman, 1986). The Bale massif, a component of
the Eastern Afromontane hotspot, is one of Conservation International's Key Biodiversity Areas
(Brooks et al., 2004)
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Fig. 1 Digital elevation map showing the geographical location of the Bale Mountains and the sample
locations

2.2.  Geomorphology and geology

The Bale Mountains were created by volcanic eruptions 40 million years ago, during the Miocene
and Oligocene epochs (Billi, 2015a). The mountains cover 2200 km?, divided into three geographic
regions: the northern slopes (3000-3800 m asl), the southern escarpment (1400-3800 m asl), and
the central Plateau (3800-4377 m asl) (Hillman, 1988). The Sanetti Plateau is the most extensive
continuous high-altitude Plateau on the continent above 3000 m asl. While the majority of the
Plateau is flat, covered with Afroalpine flora, it is flanked by three mountains: Batu (4307 m asl),
Konteh (4132 m asl), and Tullu Dimtu (4377 m asl) (Hedberg, 1964; Hillman, 1988, 1986; Miehe
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and Miehe, 1994). The Bale Mountains were glaciated during Marine Isotope Stages 3 and 2
(Osmaston et al., 2005). According to Gross et al. (2021), an ice cap of up to 265 km? covered the
mountains between 42 and 27 cal kyr BP. This is clearly shown by moraines, boulders, glacial
lakes, and depressions punctuating the Plateau. Previous studies have reported that the mountains
deglaciated around 16 cal kyr BP (Bittner et al., 2020; Groos et al., 2021; Umer et al., 2007).

The soils in the Bale Mountains are derived from the Miocene basalt and trachyte lavas that lie
over Mesozoic sediments. They are characterized as shallow, gravelly, silty-loamy, reddish or dark
brown, and black (Abbate et al., 2015; Billi, 2015b; Kidane et al., 2012; Miehe and Miehe, 1994).
According to the World Reference Base soil classification system, most soils in the Bale
Mountains can be classified as Leptosols, Cambisols, or Andosols (Zech et al., 2022).

2.3. Climate

The climate of the Bale Mountains, like that of the rest of the Ethiopian highlands, is influenced
by topography and the seasonal movement of the Intertropical Convergence Zone (ITCZ) and the
Congo air barrier (CAB). While the ITCZ separates dry northeasterly and wet southeasterly trade
winds, the CAB depicts the convergence of Atlantic and Indian Ocean air masses (Costa et al.,
2014; Levin et al., 2009; Tierney et al., 2011). The Bale Mountains have a brief dry season and a
bimodal rainy season (Kidane et al., 2012; Miehe and Miehe, 1994). The dry season lasts from
November to February, whereas the first wet seasons last from March to June followed by the
second wet season from July to October. During the dry season, the ITCZ is positioned south of
the equator and forms high-pressure cells across the Sahara and West Asia, which results in the
dominance of the northeasterly winds. As the ITCZ moves north towards the Tropic of Cancer,
the prevailing wind direction changes from northeast to southeast. The rain-bearing air masses
drive from the Indian Ocean and the Atlantic Ocean through the Congo Basin (Lemma et al., 2020;
Tierney et al., 2011; Van Campo and Gasse, 1993). The mean maximum temperature at Dinsho
(3170 m asl) is 11.8 °C, while the mean minimum temperature ranges from 0.6 °C to 10 °C, with
frost frequently occurring in the high mountain elevations from November to January (Hillman,
1986; Tiercelin et al., 2008). The southern section of the mountains receives the most precipitation
and humidity, with 1000-1500 mm per year, while the northern part receives between 800 and
1000 mm per year (Miehe and Miehe 1994; Umer et al. 2007). The Sanetti Plateau is distinguished
by significant diurnal temperature changes ranging from -15 °C to +26 °C. For the entire year, the
flora undergoes severe temperature differences within a day, experiencing "summer every day and
winter every night" (Hedberg, 1964).

2.4.  Vegetation

Similar to other East African mountains, the vegetation of the Bale Mountains shows a distinct
zonation due to variations in altitude and associated climatic conditions (Friis, 1986; Hedberg,
1951). Furthermore, human intervention impacts current vegetation formation (Belayneh et al.,
2013). Accordingly, the vegetation of the Bale Mountains is divided into the Afromontane belt,
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the Ericaceous belt, and the Afroalpine vegetation (Friis, 1986; Hedberg, 1951) (Fig. 1). The
Afromontane forest is further divided into a southern declivity, or zonation of Harenna forest (1450
to 3200 m asl. to the southwest), and a northern declivity (drier montane forest, 2200 to 3750 m
asl). While the southern declivity vegetation is dominated by Warburgia ugandensis, Croton
macrostachyus, Podocarpus falcatus, Syzygium guineense, the northern declivity is characterized
by Juniperus procera, Hagenia abyssinica, and Hypericum revolutum (Yineger et al., 2008). The
Ericaceous belt spans between ca. 3200 and 3800 m asl across all aspects of the massif and is
dominated by Erica arborea L. and Erica trimera (Engl.) (Hailemariam et al., 2016). While the
lower boundary of the Ericaceous belt (3300-3500 m asl) is covered with Erica-dominated
Hagenia-Hypericum forests, the central part is covered with monotonous Erica trimera stands that
extend to the upper boundary (ca. 3800 m asl) (Friis et al., 2010). In the southern parts, the older
Erica stands with a densely branched shrub canopy, and moss covering the ground is dominant.
Erica trimera forms tall trees up to 15 m with abundant epiphytes (Miehe and Miehe, 1994). The
Afroalpine vegetation above 3800 m asl is open and rich in tussock grasses, dominated by
Helichrysum splendidum-Alchemilla haumannii dwarf-scrubs, Kniphofia foliosa, and Giant
Lobelia (L. rhynchopetalum) (Hedberg, 1964), accompanied by patches of Erica, growing between
big boulders (Miehe and Miehe, 1994; Friis et al., 2010). Frequent bushfires keep Erica in low (up
to 3 m), shrubby regeneration phases (Johansson et al., 2012).

3. Sample collection and preparation

For chemotaxonomic characterization of the vegetation using stable isotopes, lignin, n-alkanes,
and sugar biomarkers, leaves of the dominant plant species (n = 25: Erica, Alchemilla haumannii,
Helichrysum splendidum, Lobelia rhynchopetalu, Kniphofia foliosa, and Festuca abyssinica) were
collected along a northeast (3870 to 4134 m asl) and a southwest transect (2550 to 4377 m asl). In
addition, organic and mineral topsoil layers (n = 37) below the standing vegetation were sampled.
Besides, source identification of n-alkanes and sugar biomarkers in sedimentary archives of Garba
Guracha, a glacial lake located at 3850 m asl, and B4 depression, located at 3970 m asl above the
upper limit of Erica on the Sanetti Plateau, was done by comparing with modern data sets.

The paleoenvironmental reconstruction was undertaken by investigating sediments of a 2.55 m
deep B4 depression. Sediment samples were taken (n = 105) at high resolution (2 cm) from the
laminated bottom part of the profile between 55 and 255 cm and every 5 to 10 cm from the
brownish upper part. In addition, ten sediment samples were collected from the profile for
radiocarbon dating. Contemporary plants growing around the depression were also collected for
comparison. Texture, pollen, n-alkanes, XRF, and black carbon content of the sediments were
quantified.

To identify the factors responsible for the current distribution of Erica on the Sanetti Plateau,
soil samples were taken from ten different soil profiles; five below Erica patches and five below
nearby non-Erica (control) plots covered by Afroalpine vegetation. In addition, leaf samples of

Erica, grass, and Helichrysum growing on the plots were collected. Total organic carbon and
10
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nitrogen, stable isotopes, black carbon, pH, and EC of the soils were evaluated. Before laboratory
analyses, all leaf and soil samples were air-dried and finely ground using a ball mill. Soil samples
were sieved using 2 mm mesh prior to grinding. Similarly, aliquots of sediment samples were dried
at 105 °C and finely ground for the biogeochemical analyses.

4. Methodology

The methods used for this doctoral thesis are presented here briefly. For further details, the reader
is referred to the respective methodology sections of the included publications.

4.1. Elemental and stable isotopes analyses

Total organic carbon (TOC), total nitrogen (TN), and the natural abundance of §**C and °N of
the samples were measured using an elemental analyzer coupled to an isotope ratio mass
spectrometer (EA-IRMS). The precision of §*C and §°N measurements was 0.2%o and 0.3%o,
respectively. Carbon and nitrogen stocks were calculated according to Batjes (1996)

k
— S
SOCstock = E _S0C xBD x t x (1- ) (1)

where SOCstock is the total amount of organic carbon (in kg m2), SOC is the proportion of organic
carbon (kg Mg™) in layer i, BD is the bulk density (Mg m™) of layer i, t is the thickness of this
layer (m), and S is the volume of the fraction of fragments >2 mm.

4.2.  Non-cellulose sugar biomarkers

Sugar biomarkers in the plant, soil, and sediment samples were extracted by hydrolyzing the
samples with 10 mL of 4M trifluoroacetic acid (TFA) (Zech and Glaser, 2009). After extraction,
the filtrates were evaporated and passed through XAD and Dowex resin columns to remove humic
substances and cations, respectively (Amelung et al., 1996). Subsequently, the samples were
derivatized with N-methyl-2-pyrrolidone (NMP), and individual monosaccharide sugars
(arabinose, fucose, galactose, glucose, mannose, rhamnose, ribose, and xylose) were quantified
using gas chromatography equipped with a flame ionization detector (GC-FID).

4.3. n-alkanes

n-Alkanes were extracted by Soxhlet extraction using dichloromethane (DCM) and methanol (1:1)
as solvents for 24 h (Zech and Glaser, 2008). After extraction, 50 pul of 5o androstane was added
to the total lipid extract as an internal standard, and the excess solvent was removed by rotary
evaporation. Subsequently, n-alkanes were eluted with 3 ml of hexane DCM/MeOH (1:1). Finally,
n-alkanes were quantified using GC-FID.
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4.4, Lignin

Lignin phenols were extracted using the cupric oxidation (CuO) method developed by Hedges and
Ertel (1982) and modified later on by Gofii and Hedges (1992). After digesting the samples under
high pressure at 170 °C for 2 h, they were purified by adsorption on C18 columns, desorbed by
ethylacetate, and concentrated under a flow of nitrogen gas for 30 min. Finally, the samples were
derivatized using 200 pL of N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), and 100 uL of
pyridine and quantified using GC-FID. The content of each lignin phenol (in mg g?) was
calculated from the sum of the following CuO oxidation products.

Vanillyl (V) = vanillin + acetovanillone + vanillic acid @)
Syringyl (S) = syringaldehyde + acetosyringone + syringic acid 3)
Cinnamyl (C) = p-coumaric acid + ferulic acid 4)

45, Black carbon

Black carbon was analyzed using benzene polycarboxylic acids (BPCA) as molecular markers
following Glaser et al. (1998) and modified by Brodowski et al. (2005). Samples were hydrolyzed
with 10 ml 4 M TFA and rinsed several times with de-ionized water to remove polyvalent cations.
Subsequently, the samples were digested with 65% nitric acid for 8 hours at 170 °C in a high-
pressure digestion apparatus. The solution was passed through Dowex 50 W resin columns (200
to 400 meshes) to remove polyvalent cations. After derivatization with BSTFA, BPCA were
measured using GC-FID.

4.6.  Physical properties and inorganic geochemistry

Clay (<6.3 um) and silt (6.3-63 um) fractions were quantified using a Mastersizer S (Malvern
Instruments) after treating the samples with H202 and HCI. The sand fraction (63-2000 um) was
determined by wet sieving. It should be, however, noted that the clay fraction used in this study
does not quantitatively correspond to the clay fraction defined by the pipette method, as the fraction
< 2 um is underestimated by the Mastersizer. Electrical conductivity and pH were measured with
a glass electrode.

4.7.  Analyses in collaboration
The following analyses were carried out in collaboration and the results are used in this thesis.
4.7.1 Mineral and elemental composition

Major and minor elemental compositions were determined using a Philips 2404 X-Ray
Fluorescence Spectrometer. Qualitative mineral identification was carried out on bulk samples
using X-ray diffraction.
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4.7.2 Radiocarbon dating

To establish a reliable chronology, radiocarbon dates were obtained by dating alkali-soluble
organic matter extracted from carbonate-free bulk samples using accelerated mass spectrometry
(AMS) in the Radiocarbon Laboratory of the University of Erlangen, Germany. A Bayesian age-
depth model was made using the IntCal13 calibration curve in the package Bacon Blaauw and
Christeny (2011) in R software (R Core Team, 2013).

4.7.3 Pollen

Palynological analyses were done by preparing 1 ml samples following standard procedures.
Microscopic analyses took place under 400x magnification, backed by oil immersion (1250x).
Pollen identification was done by using an existing reference collection of ~ 5000 slides (in
Goettigen) and relevant literature (Gosling et al., 2013; Schuler and Hemp, 2016). The
nomenclature of the common types follows Beug (2004). Detailed analyses were carried out on 38
samples from the lower part of B4 profile (251-69 cm) Pollen influx (grains cm™ a!) was
calculated using exotic Lycopodium spore markers. the A/C (Artemisia/Chenopodiaceae) ratio was
calculated by dividing the number of Artemisia by that of Chenopodiaceae/Amaranthaceae. to
estimate humidity conditions (Herzschuh, 2007; Li et al., 2010; Van Campo and Gasse, 1993).

5. Results and discussion

5.1. Potential of stable isotopes, sugars, lignin, and n-alkanes as biomarkers for the
reconstruction of paleoenvironmental changes (manuscript 1 and 2)

Identification of unambiguous proxies and biomarkers is essential for robust paleoenvironmental
reconstruction. Accordingly, the potential of stable isotopes, sugars, lignin, and n-alkanes to
differentiate between Erica and other dominant vegetation in the Bale Mountains was evaluated.
The §'3C values of the investigated plants range between -27.5 (Erica) and -23.9%o (Kniphofia),
well within the range typical for Cs plants (Eshetu and Hogberg, 2000; Marshall et al., 2007;
Tiunov, 2007). The §'3C values of Erica are not significantly different from the other plants (Fig.
3). Moreover, the occurrence of Ca plants cannot be confirmed due to the admittedly quite limited
plant samples. Similarly, no significant difference was revealed between §*3C values of soils below
Erica and other dominant plants. However, increasing 5'C values are recorded with increasing
soil depth, attributing to the preferential enzymatically controlled loss of *2C during soil organic
matter degradation (Farquhar et al., 1982).

The 5'°N values of leaves show high variability, ranging from -4.8 (Erica) to 5.1%o (Alchemilla)
(Fig. 2). This variability can be explained by different nitrogen sources and different mechanisms
of N uptake with the presence of mycorrhiza. Similar to the §'°C results, the *°N values of Erica
are not significantly different from other plants. 3*°N values of the investigated Ah-horizons are
significantly higher than the leaf samples. This enrichment is mainly due to organic matter
degradation and mineralization of preferably **N (Natelhoffer and Fry, 1988).

13



Extended summary

(a) (b)

64
}g L
_ 34 ——
P2 T Z
0 - “io
= 01
(0]
D -
-264
wl 17— 7
L O AL O A LO AL O ALTO A L L O ML O A LO AMLGOAMTLO A L

Erica Festuca  Alchemilla Helichrysum Kniphofia Lobelia FErica Festuca Alchemilla Helichrysum Kniphofia Lobelia

Fig. 2 Boxplot diagrams showing 6*3C (a) and 6*°N (b) results for leaves (L), O-layers, and Ah-horizons
of the investigated dominant vegetation types in the Bale Mountains. The upper and lower bold lines
indicate the 75" and 25" quartiles, respectively, and the bold middle line shows the median. The lines
extending outside the box (whiskers) show variability outside the quartiles, and notches indicate the 95%
confidence interval of the median. Circles represent outliers. Note that short horizontal single lines are due
to small sample sizes.

Erica leaves are characterized by low total non-cellulosic sugar contents and significantly
higher (G + M)/ (A + X) and (F / (A+X)) ratios than Alchemilla, Festuca, and Helichrysum (Fig.
3). However, the ratios generally increase in the respective O-layers and Ah-horizons, indicating
that both arabinose and xylose are preferentially degraded, or that galactose and mannose are built-
up by soil microorganisms. Apart from soil microorganisms, a considerable contribution of root-
derived sugars, including root exudates, is also very likely (Gunina and Kuzyakov, 2015). As a
result, soils under Alchemilla and Festuca yield (G+M)/(A+X) ratios similar to those of Erica
leaves.
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Fig. 3. Boxplot diagram showing the (a) (G + M) / (A + X) and (b) F / (A + X) ratios of leaves (L), O-
layers, and Ah-horizons, respectively, along the altitudinal transect across the Bale Mountains. The upper
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and lower bold lines indicate 75" and 25" quartiles, respectively, and the bold middle line shows the
median. The lines extending outside the box (whiskers) show variability outside the quartiles, and notches
indicate the 95 % confidence interval. White circles represent outliers. Note that short horizontal single
lines are due to small sample sizes.

Lignin analysis results indicate that cinnamyl percentages of > 40% characterize Erica spp.,
whereas all other plants are characterized by cinnamyl percentages of < 40%, except for two
Festuca samples. These results suggest that the ratio C/(V+S+C) might be used as a proxy for
distinguishing the contemporary Erica spp. from other vegetation types of the Bale Mountains
(Fig. 4). However, the characteristic contribution of cinnamyl in Erica species decreases in the O-
layers (C < 27%) due to degradation, whereas the two investigated O-layers under Festuca yield
relative C contributions > 40% likely due to lignin input by roots (Abiven et al., 2011; Thevenot
etal., 2010).
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Fig. 4 Boxplot diagrams showing the relative abundance of cinnamyl phenols (expressed as C/(V+S+C) in
%) in plants, O-layers, and Ah-horizons. The upper and lower bold lines indicate the 75t" and 25" quartiles,
respectively, and the bold middle line shows the median. The lines extending outside the box (whiskers)
show variability outside the quartiles, and notches indicate the 95% confidence interval. Circles represent
outliers. Note that short horizontal single lines are due to small sample sizes.

n-Alkanes distribution in leaves show a strong predominance of Cs1 in the grass, as previously
observed by other authors (Schéfer et al., 2016; Zech et al., 2011b), whereas most other plant
species studied here exhibited a Cz9 or Cs1 predominance. Only Kniphofia foliosa has a high
relative abundance of Cz27and C29, while Cs1 is essentially non-existent. Erica litter significantly
differs (p = 0.05) from all other plant species except Helichrysum splendidum by having a lower
Cs1/Cagratio (X = 1.7) than other plant species (Fig. 5). However, due to n-alkane degradation, this
ratio is not feasible to chemotaxonomically distinguish between soils having developed under
Erica versus Alchemilla and grass. It should be, however, noted that this interpretation is based on
the assumption that the above-ground vegetation did not change for several decades.
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Fig. 5 Notched boxplots for the ratio Cs1/Ca9 in plant samples, organic layers, and Ah-horizons. The upper
and lower bold lines indicate the 75" and 25" quartiles, respectively, and the bold middle line shows the
median. The lines extending outside the box (whiskers) show variability outside the quartiles, and notches
indicate the 95% confidence interval. Circles represent outliers. Note that short horizontal single lines are
due to small sample sizes.

5.2.  Terrestrial versus aquatic source identification of sedimentary n-alkane and
sugar biomarkers (manuscript 3)

Organic matter source identification is an important prerequisite for robust paleoenvironmental
reconstructions. Therefore, the sources of the sedimentary n-alkane and sugar biomarkers in two
sedimentary archives, Garba Guracha and B4 depression, both located in the Bale Mountains, were
studied by comparing the biomarkers in sediments with the above presented modern data set. The
relative abundance of long-chain n-alkane homologues Cz9, Cs1, and Css of Garba Guracha and B4
sediment samples are similar to modern samples (Fig. 6a). This implies that the sedimentary n-
alkane homologues Czg, Ca1, and Css are likely primarily of terrestrial (allochthonous) origin. By
contrast, there is a difference in the relative abundance of Cz7and mid-chain n-alkanes of modern
and sediment samples. Most terrestrial samples are characterized by relative abundances of Cz7 <
10%, whereas relative abundances of C27 > 10% are characteristic of the sediments of Garba
Guracha and B4 (Fig. 6b). Similarly, the relative abundances of Czs and Cz3 are typically < 10%
in terrestrial samples, whereas the relative abundances of Czs and Cas are typically >10% in the
sediments of Garba Guracha and B4 (Fig. 6¢). Moreover, the modern samples yielded Paq values
typically < 0.1, whereas the sediments samples revealed Paq values typically > 0.2. These results
indicate that the sedimentary n-alkane homologues Czs, C2s, and Cz7 in Garba Guracha and B4 are
mainly aquatic-derived. Moreover, the Paq ratio is corroborated as a proxy for terrestrial versus
aquatic organic matter input in the Bale Mountains sedimentary archives.
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Fig. 6 Ternary diagrams for the relative abundance of mid-chain and long chain n-alkanes in modern leaf
and soil samples and sediment samples of Garba Guracha and B4 depression.

However, caution must be taken while interpreting the source of long-chain homologues as they
are also produced by the aquatic algae Botryococcus braunii, which is reported to be abundantly
found in Garba Guracha and B4. In addition, microbial syntheses of short-, mid-, and even long-
chain n-alkane in soils and sediments during organic matter degradation cannot be ruled out
(Brittingham et al., 2017; Li et al., 2018; Nguyen Tu et al., 2011).

Sugar analyses were not carried out for B4 sediments. In the Garba Guracha sediments,
galactose is the most abundant sugar biomarker, followed by xylose, fucose, arabinose, mannose,
and rhamnose. Xylose and arabinose likely reflect an at least partly terrestrial input. The relatively
high abundances of galactose and mannose in the Garba Guracha sediments might be attributed to
contributions by both soil and aquatic microorganisms. According to Oades (1984), the ratio
(G+M)/(A+X) can serve as a proxy to differentiate between plant-derived and microbial-derived
sugars in soils. However, because galactose and mannose are produced by both soil and aquatic
bacteria, their use for identifying terrestrial versus aquatic input is challenging.
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The relative abundances of fucose and rhamnose are significantly higher in the Garba Guracha
sediments than in modern samples. Rhamnose and fucose are reported to occur in submerged
aquatic plants and are abundantly produced by algae and zooplankton, whereas xylose and
arabinose strongly predominate in terrestrial plants and soils (Hepp et al., 2016; Jia et al., 2008;
Marchand et al., 2005). Garba Guracha sediments are characterized by a significantly higher ratio
of (fuc + rham)/ (ara + xyl) than modern samples (Fig. 7). Therefore, this ratio can be used as a
proxy for terrestrial versus aquatic non-cellulose sugar source identification.
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Fig. 7 The ratio of (fuc + rham)/ (ara + xyl) in plants, O-layers, Ah-horizons, and Garba Guracha
sediments. The notched box plots indicate the median (solid lines between the boxes) and interquartile
range (IQR) with upper (75%) and lower (25%) quartiles. The notches display the 95% confidence interval
of the median. The lines extending outside the box (whiskers) show variability outside the quartiles. The
circles represent outliers.

5.3. Climate, vegetation, and fire history of the Sanetti Plateau (manuscript 4)

B4 profile documents the climate, vegetation, and fire history of the Sanetti Plateau since the last
18.2 cal kyr BP. The lowermost part of the profile between 18.2 and 13.6 cal kyr BP (255-17 cm;
unit 1 and 2) is characterized by high sedimentation rates (0.05 cm per year), while the upper part
(upper 70 cm, unit 3) shows a low sedimentation rate (0.01 cm per year) (Fig. 8). Moreover, a
hiatus is recorded between 13.6 and 10.5 cal kyr BP. Unit 3 is highly influenced by hydromorphic
processes. As a result, unambiguous interpretation of proxies and paleoenvironmental
reconstruction for the last 10 cal kyr BP was not possible. Therefore, this thesis presents the
paleoenvironmental history of the Sanetti Plateau as documented between 18.2 and 13.6 cal kyr
BP.
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Deglaciation

The Age-depth model shows that the Sanetti Plateau is deglaciated at ~ 18.2 cal kyr BP (Fig. 8).
The timing of the deglaciation seems reliable as the sediments are free of carbonates. Moreover,
the high occurrence of Botryoccoccus at the bottom of the B4 profile confirms the deglaciation
and the discharge of cold meltwater into the lake. However, this result is in contrast to the findings
of Bittner et al. (2020) and Tiercelin et al. (2008), which reported the deglaciation of Garba
Guracha at 15.9-16.7 cal kyr BP. This disparity can be explained by the fact that the ice cover in
the N-exposed trough valley of Garba Guracha was thicker and lasted longer than on the Plateau
around the B4 profile, which is heavily wind-exposed and has no ice-accumulating catchment.
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Fig. 8 Bayesian age-depth model for profile B4 according to Blaauw and Christen (2011). Top left: The
log-likelihood of the model fit for the saved iterations of the model, top middle: prior and posterior
distribution of accumulation rate, and top right: prior and posterior distribution of the autocorrelation in
accumulation rates (memory) and the time gap (hiatus size) at the end. The bottom panel shows the
calibrated 14C dates (transparent blue), and the age-depth model (darker greys) indicate more likely
calendar ages; grey stippled lines show 95% confidence intervals; the red curve shows a single 'best' model
based on the mean age for each depth

Initial phase after deglaciation

The initial phase after deglaciation was characterized by cold conditions with mainly lacustrine
primary biomass production under a medium to high water level, as evidenced by low TOC and
TOC/N ratios and weakly increasing Paq values documenting only minor terrestrial input (Fig. 9).
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Fig. 9 Analytical properties of the B4 sediments, with depth profiles of the sand fraction (63-2000 um),
TOC, TOC/N, Hl, 6*3C values, BC, and Pag. The light orange color shows dryer events, while the orange
color indicates desiccation layers developed during HI. Blue color indicates the AHP and other humid
episodes, while dark green color indicates the event characterized as humid and arid according to pollen
and geochemical results, respectively

Between 18.1 and 17.2 cal kyr BP, the vegetation is characterized as herb-rich open grassland
with a high number of Artemisia, Chenopodiaceae/Amaranthaceae, and Plantago (Fig. 10).
Positive §*3C values of bulk sediments and long-chain n-alkanes let assume that C4 vegetation
(Ficken et al. 2002; Glaser and Zech 2005) was growing at the margin of the depression under
relatively dry conditions during the Late Glacial. However, methanogenesis, assimilation of $3C-
enriched CO2and HCOs by water plants due to long-lasting ice cover, especially during the early
Late Glacial, and the low COz2 concentration in the atmosphere (Monnin et al. 2001) might have
contributed to such positive §3C values (Conrad et al. 2007).

Arboreal pollen Ericaceae, Podocarpus, Myrica, Juniperus, and Olea were also detected at the
bottom of the profile, indicating the presence of forest down the slopes of the Bale Mountains (Fig.
10). Moreover, the weak BC maximum in the lowermost samples presumably reflects BC storage
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in glacier ice during the LGM, originating from atmospheric input derived from vegetation fires
elsewhere or the Erica belt in lower altitudes (Fig. 10).
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Fig. 10 Pollen influx diagram of selected taxa and algae from the B4 depression, showing pollen
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Heinrich Event 1

In B4 depression, partly fluctuating allochthonous elements and ratios such as Zr, Hf, Zr/SiOz,
Zr/Rb, and Zr/TiO2 document a short dry event between ~17.2 and 16.9 cal kyr BP. This ~300-
year dry event likely led to a decline of the montane forest as evidenced by a decrease in Artemisia,
Pediastrum, Hagenia, Podocarpus, Myrica, Juniperus, and Olea and an increase in
Chenopodiaceae/Amaranthaceae and Plantago (Fig. 10). These findings are consistent with those
of Umer et al. (2007), who found evidence of open grassland vegetation in the Garba Guracha
region around16 cal kyr BP. Furthermore, this dry event possibly relates to a precursor of H1 as
reported for Asia and the Mediterranean, around 17 cal kyr BP and between 17.2 and 16.9 cal kyr
BP, respectively (Camuera et al., 2021; Hemming, 2004). A shift to wetter local conditions on the
Sanetti Plateau slopes, as evidenced by an increase in arboreal pollen and Pediastrum, occurred
between 16.9 and 16.6 cal kyr BP. High BC contents relative to TOC between 16.9 and 16.6 cal
kyr BP record a concurrent fire occurrence, most likely caused by an increase in combustible
biomass due to wetter regional conditions.
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Fig. 11 XRF results of B4 sediments. Depth profiles of Zirconium (Zr), Sodium oxide (Naz0), Potassium
oxide (K20), Hafnium (Hf), Niobium (Nb), Zirconium/Rubidium (Zi/Rb), Zirconium/Silica oxide (Zr/SiO5),
Zirconium/Titanium oxide (Zr/TiO,) and the chemical proxy of alteration (CPA=AI,O/(Al,O3 + Na;0),
inversed scale. The light orange color shows dryer events, while the orange color indicates desiccation
layers developed during H1 and the hiatus. The blue color indicates the AHP and other humid episodes,
while the dark green color indicates the event characterized as humid and arid according to pollen and
geochemical results, respectively

The B4 depression further documented a continuous increase of less weathered lithogenic
elements (Fig. 11; CPA < 80, Na enriched) between 16.6 — 15.7 cal kyr BP. These less-weathered
allochthonous elements are likely transported to the Sanetti Plateau by intensified dry northerly
winds occurring contemporaneously with the North Hemispheric cooling during H1 (Brown et al.
2007; Marshall et al. 2011; Lamb et al. 2018). Moreover, an extremely low stand of the water table
and short-term intensive desiccation is recorded in the B4 depression at 16.3 cal kyr BP, as
evidenced by a substantial decrease of TOC, accompanied by sand maxima. Increased sand input
from the depression margins may occur because of temporary heavy rain showers during dry
phases when the sparse vegetation cover was less protecting against erosion. The desiccation
surface developed around ~16.3 cal kyr BP correlates with slightly decreased contents of Erica
pollen, Pediastrum, ferns, and Botryococcus, and elevated Chenopodiaceae/Amaranthaceae ratios,
indicating a temporary phase of less favourable, drier environmental conditions. This event
possibly marks the time of maximum H1 dryness. In many studies, arid conditions in tropical
Africa between ~16.8 and 15.4 cal kyr BP were already described as coinciding with H1 (e.g.,
Bonnefille and Chalie 2000; Gasse 2000; Talbot and Lardal 2000; Hemming 2004; Tiercelin et

al. 2008; Tierney et al. 2008). Moreover, Lamb et al. (2007) also mentioned an "episode of shallow
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water" in the Lake Tana basin between 16.7-15.7 cal kyr BP. Previous studies described that
climatic fluctuations in eastern Africa during the Late Quaternary were related to teleconnections
between North Atlantic cooling events, recorded in Greenland ice cores and in N-Atlantic
sediments, and the weakening of the Indian Summer Monsoon (Lamb et al., 2018; Marshall et al.,
2011; Mohtadi et al., 2014; Tierney et al., 2008).

However, unlike in other east African lowland regions, this dry event did not last long in the
Bale Mountains and the environmental condition improved locally on the Sanetti Plateau as
indicated by decreased sand contents and high TOC and HI values. This discrepancy between the
high altitudes of the Sanetti Plateau and the vast lowlands northerly might reflect that the Bale
Mountains, located close to the Indian Ocean, react more rapidly to environmental changes. In
contrast, the lowland ecosystems are much more resilient due to slow negative vegetation and
monsoon feedback.

African humid period

A drastic reduction of allochthonous elements input into the B4 depression is recorded at about
15.7 cal kyr BP. This likely indicates the onset of AHP, which resulted in a relatively rapid
establishment of a denser vegetation cover and a drastic reduction of dust deflation from northern
source areas (Fig. 11). However, pollen results of B4 (Fig. 10) do not show clear evidence for this
abrupt start of the AHP. Nevertheless, Camuera et al. (2021) recorded similar timing (15.7 cal kyr
BP) for the termination of HS1c and onset of AHP in the Mediterranean. Also, Lamb et al. (2007,
2018) described such an abrupt shift from Lake Tana, and Marshall et al. (2011) dated this event
to 15.3 cal kyr BP. In Lake Victoria, the rapid refilling of the basin is dated to 14.5 cal kyr BP
(Talbot and Lerdal, 2000). One reason for this discrepancy might be dating uncertainties.
However, our data from the B4 profile let assume that locally, at the high altitudes of the Sanetti
Plateau, the abrupt onset of humidity might have started almost 1000 years before the beginning
of the Bglling—Allergd warming in the North-Atlantic region (Alley and Clark, 1999; Van Raden
et al., 2013) and before at least some hundred years earlier than in Lake Tana region, located 630
km northward.

Within this humid period, water levels in the B4 depression did not remain permanently high
but lowered already around 15.4 cal kyr BP, and a swamp developed, reflecting probably higher
evaporation and less precipitation. A similar finding was reported from Lake Tana, where a
papyrus swamp developed between 15.7 and 15.1 cal kyr BP due to lower lake levels and reduced
rainfall (Lamb et al., 2007). Slightly rising allochthonous proxies (e.g., Zr, Nb, Hf, see (Fig. 11))
and decreasing TOC and HI values likely document progressive local drying-up after about 14.4
cal kyr BP, whereas ascending arboreals indicate regional wetter conditions (Fig. 10). A significant
increase in Erica and Podocarpus pollen between 14.4 and 13.6 cal kyr BP substantiates the
expansion of the Ericaceous belt and the lowland forests, together with a fundamental change in
the vegetation composition on the Sanetti Plateau, likely correlating with an increase in
temperature, which might be synchronous with the European Meiendorf interstadial starting at
14.4 varve years (Litt et al., 2001). BC started to increase only with the beginning of the AHP
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around 15.7 cal kyr BP, correlating with warmer and more humid environmental conditions
and reaching a maximum at about 15 cal kyr BP coinciding with increasing Erica pollen.

Despite the human settlement during 47-31 cal kyr BP, there is no evidence that hunter-
gatherers lived on the Plateau and burned the Erica to facilitate hunting during the Late Glacial.
However, we cannot rule out that fires were triggered by increased easily combustible Erica
biomass due to improved environmental conditions. This implies that the amount of Erica biomass
mainly controls the burning of Erica, being higher under warm and humid climates.

5.4.  Factors influencing the present-day distribution of Erica on the Sanetti Plateau
(manuscript 5)

To understand the major factors governing the current patchy distribution of Erica patches on the
Sanetti Plateau, the environmental features and soil properties of sites covered by Erica and non-
Erica vegetation (control) were studied. The results show that the site exposition and
environmental features of Erica and control plots are more or less similar. However, the Erica
plots are covered by high amounts of dark basalt boulders, while usually, there are few or no
boulders on the control plots. Therefore, these boulders on the Erica plots may protect the Erica
patches against the wind, provide warmth and shade, and enable the Erica seedlings to withstand
the harsh climatic condition on the Sanetti Plateau (Wesche et al., 2008).

Regarding the soil properties, except for bulk density, TOC/N, black carbon, and §**C, other
biogeochemical proxies such as soil texture, pH, and EC do not show a significant difference
between Erica and control plots. However, slightly lower pH values are recorded below the O

layers of Erica, which can be explained by the acidifying effects of the thick, slowly decomposing

Erica litter (Dahlgren et al., 1997). The significantly lower soil bulk density under Erica could be
caused by a high organic matter content and increased stone contents.

Even though statistically not significant, TOC and N contents are higher in soils of Erica plots
than in control plots, attributed to differences in quality and quantity of the litter input (Fig. 12).
Furthermore, increased insolation on control plots (Miehe and Miehe 1994) might support organic
matter degradation, whereas soils under Erica benefit from the shade provided by large rocks and
the Erica canopy. Moreover, the Ah3 horizons of the soil profiles of the control plots contain less
TOC, N, BC, and higher BSCA/B6CA ratios than soils below Erica, which strongly supports that
Erica was not a common vegetation component on these control plots in the past. This is further
documented by the absence of charcoal in the control soils, whereas charcoal can be frequently
found below Erica.

Despite lower N values of plant species growing on control plots, their O and Ah-layers show
higher N values than the corresponding layers below Erica, likely due to fecal N input from grazing
cattle (Baron et al., 2002; Johansson et al., 2012). Higher TOC/N values than Helichrysum and
Festuca characterize Erica leaves. Similarly, TOC/N ratios are generally significantly higher in
soils below Erica than in control plots. The low TOC/N ratios, especially of the Ah2 and Ah3
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horizons of control plots, also support the interpretation that these control plots have never been
fully covered by Erica. Besides, the higher TOC/N ratios of the mineral soils below Erica reflect
that Erica litter is less decomposed by soil microorganisms (Jacob et al., 2015).

SOC and N stocks of Erica plots are slightly lower than those of the control plots. This is mainly
due to their higher stone contents which are negatively correlated with the SOC and N stocks (R
=-0.5).
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Fig. 12 TOC and TOC/N ratio of plant leaves and soil horizons of Erica and control sites. The notched box
plots indicate the median (solid lines between the boxes) and interquartile range (IQR) with upper (75%)
and lower (25%) quartiles. The notches display the 95% confidence interval of the median. The lines
extending outside the box (whiskers) show variability outside the quartiles. The circles represent outliers.

The 8C values of plants from Erica and control sites are within the range reported for C3
plants (Marshall et al., 2007; Tiunov, 2007). Moreover, 3*3C values of Erica leaves are
significantly higher than those of the other plant species. This result contrasts with the transect
study finding (see sec. 4.1), where no significant difference between Erica and other dominant
plants could be identified. This discrepancy might be due to the effect of altitude on §**C values
and the different ways plants adjust their gas exchange to mitigate the decline in atmospheric CO2
pressure along altitude (Korner et al., 1991). However, the relatively positive §*3C values of Erica
leaves from Erica plots on the Sanetti Plateau might suggest temporary water stress, e.g., during
the dry season.

BC contents are significantly higher (related to sample: p = 0.01; related to TOC: p = 0.02) in
Erica plots than in control plots, implying a higher amount of combustible fuel in Erica plots than
in control plots. Furthermore, the significantly low BC contents of Ah2 and Ah3 horizons in soils
below control (Fig. 12a and b) support the interpretation that Erica did not intensively cover these
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plots previously. Otherwise, a higher accumulation of recalcitrant BC would have been preserved
during the burning of former Erica shrubs.

Besides, the top soils of control plots have significantly higher BSCA/B6CA ratios (p = 0.02)
(Fig. 13c) than the Erica profiles indicating low and high combustion temperatures in control and
Erica plots, respectively. This is related to the high flammability of Erica twigs, while Afroalpine
species such as Helichrysum are less flammable (Johansson et al., 2012).
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6. Conclusions

Disentangling factors responsible for ecosystem boundary shift, especially in tropical African
mountain ecosystems which are highly susceptible for climate change and human impact, is vital
to develop sustainable conservation strategies. In this thesis, the potential of selected biomarkers
for paleoenvironmental reconstruction is evaluated, and the climate, vegetation, and fire history of
the Sanetti Plateau is reconstructed using a muti-proxy approach. Moreover, potential factors for
the distribution of Erica on the Sanetti Plateau are studied. Finally, the following conclusions are
derived from the main findings of the studies.

Erica cannot be chemotaxonomically differentiated from other dominant plants such as
Alchemilla, Festuca, or Helichrysum based on foliar and pedogenic §*C and 5'°N values.
Moreover, due to degradation and mineralization, both §*C and §°N become generally
enriched from the leaves to the Ah-horizons. Relatively low total sugar concentrations
characterize Erica leaves, and they can be chemotaxonomically distinguished by their
higher relative amounts of galactose and mannose from the other dominant vegetation
types. However, since these sugars are also produced by soil microorganisms, soils below
the dominant vegetation yielded higher ratios of (G+M)/(A+X) similar to those of Erica
leaves.

Lignin phenols were promising and allowed the chemotaxonomic differentiation of Erica
from non-Erica vegetation based on the relatively high contribution of cinnamyl (> 40 %)
phenols. However, this characteristic pattern is not reflected in the O-layers and Ah-
horizons due to degradation and lignin input by roots. Erica is characterized by
significantly lower Cs1/C29 ratios. However, like lignin-derived phenol proxies, the n-
alkane patterns are changing due to degradation from plant material over O layers to Ah
horizons, thus inhibiting their application for unambiguous chemotaxonomic identification
of Erica in soils and sediments. This suggests that these biomarkers alone do not allow the
establishment of a straightforward proxy for reconstructing the former expansion of Erica
on the Sanetti Plateau. Therefore, future work should emphasize alternative promising
molecular markers, such as tannin-derived phenols and terpenoids.

Long-chained n-alkanes Cag, C31, and Css in Garba Guracha and B4 sediments are mainly
of terrestrial origin, while Czs3, C2s, and Cz7 are primarily produced by aquatic macrophytes
and microorganisms. Xylose and arabinose in sediments are at least partly derived from
terrestrial origin. By contrast, the much higher relative abundances of rhamnose and fucose
in the sediments compared to modern plants and soils corroborates that they are mainly
produced by aquatic macrophytes and microorganisms. Therefore, the ratio (fuc + rham)/
(ara + xyl) is proposed as a sugar biomarker proxy for distinguishing aquatic versus
terrestrial origin. Moreover, no unambiguous source identification is possible for
sedimentary galactose and mannose as these sugars can also be produced by soil and/or
aquatic microbial.

In the environment of the B4 archive, deglaciation of the Sanetti Plateau took place around
18.2 cal kyr BP about 2000 years earlier than the N-exposed trough valley of Garba
Guracha. After deglaciation, the vegetation around the B4 depression was herb-rich
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grassland. However, a forest containing Erica was present in the lower altitudes, as
indicated by the pollen results. A severe local drought related to H1 with complete
desiccation of the past B4 lake was detected on the Sanetti Plateau at~ 16.3 cal kyr BP.
This is in contrast to the lowland ecosystem, which documented continuous but delayed
degradation between 16.6 and 15.7 cal kyr BP as documented by a high input of windblown
allochthonous elements in the B4 depression. This desiccation phase is not clearly revealed
in the pollen results except for a slight decrease in Erica, Pediastrum, fern, and
Botryococcus pollen. An abrupt shift to humid conditions is recorded at ~ 15.7 cal kyr BP
indicating the onset of AHP in the Bale Mountains some hundred years earlier than in Lake
Tana region but in agreement with the termination of the HS Ic phase in the Mediterranean.
However, the vegetation on the Sanetti Plateau was less sensitive to increased humidity
during AHP. Nevertheless, the Erica pollen increased in the B4 sediments at~ 14.4 cal kyr
BP, correlating with a wet and warm regional climate. Fire incidences mainly coincide with
an expansion of the vegetation cover and less with dry periods. Most likely, a warm and
humid climate promotes biomass production of Erica, hence increasing the amount of fuel,
which burns from time to time. This allows to conclude that biomass and, thus, fuel
availability is an important factor controlling fire events in the Bale Mountains.

Despite the boulder cover of the plots, topographic features, soil texture, soil pH, and EC
did not show significant differences between Erica and control plots. Low TOC, TOC/N,
BC contents, and missing charcoal but higher BSCA/B6CA ratios in soils of the control
plots support the interpretation that Erica did not occupy the control plots in former times.
In general, the soil conditions of most control plots would allow the growth of Erica, but
in the absence of boulders, the microclimatic conditions above 3800-3900 m asl are too
severe. Furthermore, the potential expansion of Erica is highly dependent on the intensity
of fire and animal grazing, particularly during the seedling stage. Therefore, further
investigations should focus on a detailed assessment of the temperature regime, soil
moisture availability, and water potential of the Erica patches on the Sanetti Plateau.
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Abstract: Today, on the Sanetti Plateau in the Bale Mountains of Ethiopia, only fragmented patches of Erica
species can be found at high altitudes (between 3900 and 4200 m a.s.1.). However, it is hypothesized
that during the later part of the last glacial period and the early Holocene the plateau was extensively
covered by Erica shrubs. Furthermore, it is assumed that the vegetation was later heavily destroyed
by human-induced fire and/or climate change phenomena. The objective of this study is to contribute
to paleovegetation reconstructions of the Sanetti Plateau by evaluating the potential of stable isotopes
(8'3C and 8'9N) and sugar biomarkers for distinguishing the dominant plant species, including Erica,
and the soils below the plants. In a companion paper (Lemma et al., 2019a) we address the same issue
by evaluating lignin-derived phenols and leaf-wax-derived n-alkane biomarkers.

The stable carbon (8'3C) and nitrogen (5'°N) isotope values of the plant samples range from
—27.5 %o to —23.9 %o and —4.8 %o to 5.1 %o, respectively. We found no significant §'3C and §'°N
differences between the dominant plant species. Mineral topsoils (Ap horizons) yielded more posi-
tive values than plant samples and organic layers (O layers), which reflects mineralization processes.
Moreover, the §'°N values became generally more negative at higher altitudes. This likely indicates
that the N cycle is more closed compared to lower altitudes. §'>N maxima around 4000 m a.s.1. point to
fire-induced opening of the N cycle at the chosen study sites. Erica species yielded the lowest overall
total sugar concentration (ranging from 58 to 118 mg g~!), dominated by galactose (G) and mannose

Published by Copernicus Publications on behalf of the Deutsche Quartarvereinigung (DEUQUA) e.V.
46



Manuscript 1

178 B. Mekonnen et al.: Stable isotopes and sugar biomarkers
(M). By contrast, Festuca species revealed much higher total sugar concentrations ranging from 104 to
253 mg g~!, dominated by the pentose sugars arabinose (A) and xylose (X). Although a differentiation
between Erica versus Festuca, Alchemilla and Helichrysum is possible based on (G + M) / (A 4+ X)
ratios, Erica cannot be unambiguously distinguished from all other plant species occurring on the
Sanetti Plateau. In addition, plant-characteristic (G + M) / (A + X) sugar patterns change during soil
organic matter formation in the Ay horizons. This can be likely attributed to degradation effects and
soil microbial build-up of galactose and mannose. In conclusion, soil degradation processes seem to
render sugar biomarker proxies unusable for the reconstruction of the past extent of Erica on the
Sanetti Plateau, Bale Mountains, Ethiopia. This finding is of relevance beyond our case study.

Das Sanetti Plateau in den Bale Bergen Athiopiens ist in seinen hoheren Lagen (zwischen 3900 und
4200 m ii. NN) durch das fragmentarische Vorkommen von Erica gepriagt. Moglicherweise kam Er-
ica wihrend des Spitglazials und dem Frithholozidn dagegen flaichendeckend auf dem Plateau vor
und wurde erst im Laufe des Holozins durch Klimaveridnderungen und menschlich verursachte Feuer
zuriickgedringt. Das Ziel unserer Studie war es herauszufinden, ob sich die im Untersuchungsgebiet
dominant vorkommenden Pflanzenarten einschlieBlich Erica und die sich unter der jeweiligen Veg-
etation entwickelten Boden anhand ihrer Stabilkohlenstoff- und Stickstoffisotopien (8'3C und §°N)
sowie ihrer Zucker-Biomarkermuster chemotaxonomisch unterscheiden lassen. In einem Begleitar-
tikel (Lemma et al., 2019a) verfolgen wir dasselbe Ziel anhand von Lignin-biirtigen Phenolen und
Blattwachs-biirtigen n-Alkan-Biomarkern.

Die 8'3C und 8" N-Werte fiir die untersuchten Pflanzen reichen von —27,5 %o bis —23,9 %o
bzw. von —4,8 %o bis +5, 1 %o und weisen keine signifikanten Unterschiede zwischen den domi-
nanten Pflanzenarten auf. Positivere §'3C und §!SN-Werte in den A}, Horizonten im Vergleich zu den
Pflanzenproben und O-Lagen lassen sich mit der Mineralisations-bedingten Anreicherung von '3C
und PN in Boden erkliren. Tendenziell negativere 8 'YN-Werte mit zunehmender Héhe spiegeln ver-
mutlich wider, dass der N-Kreislauf klimatisch bedingt in groeren Hohen zunehmend geschlossen
ist. Lokale 8N Maxima in etwa 4000 m Héhe kénnen sehr gut mit der hier feuerbedingten Off-
nung des N-Kreislaufs erklirt werden. Erica weist mit 58 bis 118 mgg~! die niedrigsten Zucker-
Konzentrationen auf; es dominieren die Zucker Galactose und Mannose (G und M). Im Gegensatz
dazu variieren die Zucker-Konzentrationen im weit verbreitet vorkommenden Gras der Gattung Fes-
tuca zwischen 104 und 253 mg g~'; hier dominieren die Zucker Arabinose und Xylose (A und X).
Obwohl Erica anhand des (G + M) / (A 4+ X) Verhiltnisses von Festuca, Alchemilla und Helichrysum
chemotaxonomisch unterschieden werden kann, gilt dies nicht fiir weitere untersuchte Pflanzenarten
wie Kniphofia und Lobelia. Dariiber hinaus offenbaren die Datenreihen Pflanze — O-Lage — Ap-
Horizont, dass die zum Teil pflanzencharakteristischen (G + M) / (A + X) Verhiltnisse systematis-
chen Verinderungen unterliegen. Dies kann vermutlich auf Degradation und den bodenmikrobiellen
Aufbau von Galaktose und Mannose zuriickgefiihrt werden und legt nahe, dass weder anhand von
813C und 8"°N, noch anhand von Zuckerbiomarkern eine verlissliche Rekonstruktion der Vegetation
auf dem Sanetti Plateau moglich ist.

Kurzfassung:

1 Introduction dinal zones (or belts) with an afromontane forest belt, an Er-

icaceous belt and an afroalpine belt (Hedberg, 1969; Miehe

The Bale Mountains in the southeast of Ethiopia consti-
tute the largest area with afroalpine and Ericaceous vege-
tation on the African continent (Hedberg, 1951; Miehe and
Miehe, 1994). The area is best known for its large numbers
of local endemic flora such as Lobelia rhynchopetalum, Lo-
belia scebelii and Senecio species (Hillman, 1986). Similar
to other tropical high-altitude mountains in East Africa such
as Mount Kenya, Mount Kilimanjaro and Mount Meru, the
vegetation of the Bale Mountains is characterized by altitu-
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and Miehe, 1994).

Vegetation reconstructions in the Bale Mountains have
been done using mainly pollen records from pit cores
(Hamilton, 1982) and sediments (Bonnefille, 1983; Bon-
nefille and Hamilton, 1986; Umer et al., 2007). Bonnefille
(1983) reported, for the Gadeb basin north of the Bale Moun-
tains, on the abundant occurrence of Erica pollen in sedi-
ments of a Pliocene lake between 2.5 and 2.4 myr. Pollen
records from Mount Badda (north-northwest of the Bale
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Mountains) and the Danka valley (Bale Mountains) sug-
gest that the upper limit of the Ericaceous belt (3830 to
4040 ma.s.l.) developed between 8000 and 3500 years BP
(Bonnefille and Hamilton, 1986; Miehe and Miehe, 1994).
A pollen study from Gerba Guracha in the Bale Mountains
(Umer et al., 2007) showed that the vegetation after deglacia-
tion at about 16calkyr BP mainly consisted of grasses.
Only with the beginning of the Holocene at 11 calkyr BP
did the Ericaceous belt rise and extend across the Sanetti
Plateau, according to Miehe and Miehe, 1994. From about
4.5 cal kyr BP Erica shrubs and forests decreased in area and
altitude and the afroalpine ecosystem with Alchemilla and
Poaceae species expanded on the Sanetti Plateau. Accord-
ing to Kidane et al. (2012), Miehe and Miehe (1994), Umer
et al. (2007), and Wesche et al. (2000), the most likely ex-
planation for the decrease in Erica is fire caused by human
invasion. Increasing aridity during the mid to late Holocene
(Tiercelin et al., 2008) may have contributed to the destruc-
tion of the Erica woodlands on the Sanetti Plateau as well.
However, the reason for the contemporary occurrence of only
fragmented patches of Erica is still not clear.

At present, human impact is steadily increasing (Belayneh
etal., 2013), despite large areas having been protected within
the Bale Mountains National Park since 1970 (Hillman,
1986). During fieldwork in February 2015 and 2017, we
observed people in the Bale Mountains mainly subsisting
on pastoralism and illegal logging, thus increasingly placing
the natural resources and wildlife under immense pressure,
leading to deforestation, overgrazing and frequent fire occur-
rence. Wildfires have likely been a common phenomenon in
the Bale Mountains for a long time. However, they seem to
have become more severe in recent years (Johansson, 2013).

During the past decades the analyses of stable carbon
(8'3C) and nitrogen (§'°N) isotopes have significantly con-
tributed to a better understanding of (paleo-)ecological pro-
cesses (Tiunov, 2007). This technique has high potential for
tracing biogeochemical processes and for reconstructing past
and current interactions between humans, plants and the sur-
rounding environment (Dawson et al., 2002; Zech, 2006;
Zech et al., 2011a). Furthermore, si3c analyses of soils and
sediments are particularly used to reconstruct alpine vegeta-
tion changes in terms of C3 versus C4 photosynthetic path-
way (Glaser and Zech, 2005; Zech et al., 2011b). Stable iso-
topes have been previously used in Ethiopia for reconstruct-
ing vegetation history (Gebru et al., 2009; Levin et al., 2011)
and to infer land use and land cover change (Eshetu and Hog-
berg, 2000; Liu et al., 2007; Solomon et al., 2002) as well as
physiological processes (Krepkowski et al., 2013). Gebru et
al. (2009) found that the vegetation has changed from C3 to
Cy4 during the late Holocene (3300 years BP) in Tigray due
to agricultural expansion. Eshetu and Hogberg (2000) sug-
gested that the vegetation shifted from grassland to forest in
the Menagesha forest and Wendo Genet areas several hun-
dred years ago.
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Given that pollen preservation is often poor in soils due
to oxidation (Brewer et al., 2013; Hevly, 1981; Li et al.,
2007) there have been large efforts during the last decades
toward developing proxies based on organic molecules that
are specific to certain plant and vegetation types (chemotax-
onomy) in order to contribute to the reconstruction of veg-
etation changes. This is mostly done with lipid biomark-
ers (Jansen et al., 2006a, b, 2008; see our companion pa-
per, Lemma et al., 2019a, for further details). In addition,
Kebede et al. (2007) have used amplified fragment length
polymorphisms (AFLPs) to infer the phylogeographical his-
tory of the afromontane species (Lobelia giberroa) in the
Bale Mountains. Sugar monomers build up polysaccharides
such as cellulose and hemicellulose (Simoneit, 2002). While
arabinose and xylose are very abundant in plants, fucose
and rhamnose are important components of bacterial cell
walls. Fucose and rhamnose are therefore often used as prox-
ies for microbe-derived organic matter in soils (Sauheitl
et al., 2005). Moreover, sugar biomarkers were proposed
and applied as proxies for paleovegetation reconstructions
(Glaser and Zech, 2005; Prietzel et al., 2013). For instance,
Jia et al. (2008) could chemotaxonomically distinguish be-
tween lichens, Sphagnum and vascular plants based on the
ratio (mannose + galactose) / (arabinose + xylose) and per-
centage of (thamnose + fucose). Similarly, Hepp et al. (2016)
suggested the sugar ratios fucose /(arabinose + xylose) and
(fucose + xylose) / arabinose as proxies in paleolimnological
studies for distinguishing between terrestrial versus aquatic
sedimentary organic matter.

The objectives of this study were to evaluate (i) whether
the dominant plant and vegetation types of the afroalpine
region of the Bale Mountains can be distinguished chemo-
taxonomically based on their stable carbon and nitrogen iso-
topic composition and/or sugar biomarkers and (ii) whether
the isotope and biomarker patterns of plants are reflected in
the soils below correspond to contemporary plants. Note that
in our companion paper (Lemma et al., 2019a) we address
the same questions but instead focusing on other biomark-
ers, namely lignin-derived phenols and leaf-wax-derived n-
alkanes. Overall the results of our two companion studies
were meant to form a modern-day calibration for reconstruct-
ing the Late Quaternary vegetation history (mainly of Erica)
on the Sanetti Plateau of the Bale Mountains.

2 Material and methods

2.1 Study site

The study was conducted in the Bale Mountains National
Park, located in the Oromia Region of Ethiopia (Fig. 1) be-
tween 6°40" and 7°10’'N and 39°30" and 39°58'E (Miche
and Miehe, 1994, Tiercelin et al., 2008; Umer et al., 2007).
It covers an area of 2200 km? and an altitudinal range from
1400 to 4377 ma.s.l., including the second highest peak in
the country (Tullu Dimtu). The intertropical convergence
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® Sample Site

Vegetation Type

Afroalpine Helichrysum dwarf
scrub and herbaceous
formations

+, Isolated Erica shrubs or small
Erica groves within afroalpine
Helichrysum heath (fire relicts)

Ericaceous belt comprising
dwarf forests, thickets and
shruhlands

Upper montane forests with
Hagenia abyssinica emergents
(Hagenia - Hypericum zone)

Bamboo (Sinarundinaria alpina)

. Afromontane rainforest

N

Figure 1. Map of the Bale Mountains showing the vegetation zones and study sites along the northeastern-southwestern transect (modified
from Miehe and Miehe, 1994). Dominant vegetation types sampled comprise the Ericaceous and afroalpine belt.

zone (ITCZ), altitudinal and topographic features are the ma-
jor factors influencing precipitation in the Bale Mountains
(Miehe and Miehe, 1994; Bonnefille, 1983). Most of the
year, the Bale Mountains are strongly influenced by south-
easterlies originating from the Indian Ocean that provide
monsoonal precipitation. A recent study done by Lemma et
al. (2019b) suggested that the Bale Mountains receive pre-
cipitation from the Arabian Sea and southern Indian Ocean
during the dry and wet season, respectively. The area expe-
riences two rainy seasons: one lasting from March to June
and a second heavy rainy season from July to October. In
Dinsho (the Bale Mountains National Park headquarters at
3070 ma.s.l.), mean annual precipitation is 1069 mm and
mean annual temperature is 11.8 °C. Monthly mean max-
imum and minimum temperatures are 19.9 and 3.4 °C, re-
spectively (Ethiopian Metrological Services Agency, 2004—
2015). Kidane et al. (2012) emphasized, however, that the
mountains experience a highly variable climate from north
to south as a result of altitudinal difference and the influence
of lowland hot air masses. Extreme temperature variation be-
tween the wet and dry seasons is a common phenomenon on
the Sanetti Plateau.

The afromontane forest of the Bale Mountains is di-
vided into a southern declivity, or zonation of Harenna
forest (1450 to 3200 ma.s.l. to the southwest), and north-
ern declivity (drier montane forest 2200 to 3750 ma.s.L.).
These vegetation zones are dominated by Podocarpus falca-
tus, Warburgia ugandensis, Pouteria adolfi-friederici, Cro-
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ton macrostachyus, Juniperus procera, Hagenia abyssinica
and Hypericum revolutum (Friis, 1986; Lisanework and Mes-
fin, 1989; Yineger et al., 2008). Regions above 3500 m.a.s.1.,
including the tree line ecotone in eastern Africa, which is
comprised of a number of taxa with small sclerophyllous
leaves, are characterized as Ericaceous vegetation (Miehe
and Miehe, 1994). This vegetation is commonly found on
most African mountains, especially in the Atlas Range in
North Africa, the Tibesti Mountains of the central Sahara,
the Ethiopian Highlands and in the mountains of eastern
Africa that extend southwards to Malawi (Jacob et al., 2015;
Messerli and Winiger, 1992). This vegetation zone stretches
from 3500 to 3800ma.s.l. and it becomes patchy on the
Sanetti Plateau above 3800 ma.s.l.. It is continuously dom-
inated by shrubs and shrubby trees such as Erica arborea,
Erica trimera, Hypericum revolutum and perennial shrubs
or herbs such as Alchemilla haumannii, Anthemis tigreen-
sis, Helichrysum citrispinum, H. splendidum, H. gofense,
Senecio schultzii, Thymus schimperi and Kniphofia foliosa
(Friis et al., 2010). Some of these species are also found in
the afroalpine belt, since the upper and lower boundaries of
this belt are very difficult to define. The afroalpine vegeta-
tion, which extends from 3800 to 4377 ma.s.l., is more open
and richer in grass. It is mainly characterized by a combi-
nation of giant Lobelia (Lobelia rhynchopetalum), species
of Helichrysum, shrubby species of Alchemilla, grasses
(Festuca richardii, Agrostis quinqueseta and Pentaschistis
pictigluma) and the creeping dwarf shrub Euryops prostata.
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The soils in the Bale Mountains National Park are often
shallow, rich in stones and with organic layers (O layers),
mineral topsoils (Ap, horizons), mineral subsoils (B horizons)
and parent material (C horizons). Some soils are clearly strat-
ified with bolder rich surface layers (O, A, B) above fine tex-
tured ash layers (2C). They are derived from volcanic mate-
rials such as lava of various kinds, basalt and agglomerates
(Miehe and Miehe 1994) and can be classified as Andosols,
Cambisols and Leptosols (Abbate et al., 2015; Billi, 2015;
Yimer et al., 2006). In addition, Gleysols and Histosols oc-
cur frequently in depressions.

2.2 Sample collection

Leaf and soil samples were collected along a northeast
(3870 to 4134 ma.s.l.) to southwest (2550 to 4377 ma.s.l.)
transect (Fig. 1). Leaf samples were taken from dominant
plants comprising: Erica arborea L. (n =5), Erica trimera
(Engl.) Beentje (n =5), Alchemilla haumannii Rothm (n =
5), Helichrysum splendidum Thunb. L. (n =2), Lobelia
rhynchopetalum Hemsl. (n = 1), Kniphofia foliosa Hochst.
(n =1) and Festuca abyssinica Hochst. ex A. Rich. (n = 6)
(Fig. 2). Erica leaves were collected from the upper part of
the crown. Moreover, 23 mineral topsoils (Ap horizons) from
each sampling site were collected in order to test whether
these horizons represent the typical biogeochemical features
of the standing vegetation. Additionally, where available, hu-
mified organic layers (O layers) excluding litter were sam-
pled (n = 15).

2.3 Sample analyses

Soil samples were air dried and sieved (< 2 mm). An aliquot
of plant and soil samples was ground using a ball mill and
weighted into separate tin capsules. Total organic carbon
(TOC), total nitrogen (TN), and the natural abundance of B¢
and N of the samples were measured using an elemental
analyzer coupled to an isotope ratio mass spectrometer (EA-
IRMS). Samples were converted into CO, and NO; by an
oxidation reactor filled with tungsten trioxide and aluminum
oxide and cobalt (II, IIT) oxide (silvered) (1020 °C). Subse-
quently, NO, was further reduced to N, by a reduction re-
actor filled with copper wires (650 °C). Water was removed
by a magnesium perchlorate trap. Helium (purity 99.9997 %)
was used as carrier gas at 100 mL min~!. The precision of
the stable isotope analyses as determined by replication mea-
surements of standards was 0.3 %o and 0.2 %o for §'3C and
8N, respectively.

Sugar monomers in the plant and soil samples were ex-
tracted hydrolytically with 10 mL 4M trifluoroacetic acid
(TFA) and 100 pg of myo-inositol (as internal standard) for
4h at 105 °C, following the method described by Zech and
Glaser (2009). This extraction procedure does not liberate
considerable amounts of monosaccharides from cellulose
(Amelung et al., 1996). Therefore, this fraction is sometimes
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called “non-cellulosic polysaccharides” (NCP) in the liter-
ature (e.g., Prietzel et al., 2013). The hydrolyzed samples
were filtered through a vacuum suction system and the fil-
trates were collected in 100 mL conical flasks. The filtrates
were then evaporated using rotary evaporators in order to re-
move the acid and the water that were added to the samples.
In order to remove humic substances and cations, the redis-
solved samples were passed through XAD and Dowex resin
columns, respectively, following Amelung et al. (1996), and
the filtrates were collected in 50 mL conical flasks. The fil-
trates were dried using rotary evaporators and a freeze drier.
The purified neutral sugars were transferred into Reacti-
Vials. Derivatization of the freeze-dried sugars was done
with N-methyl-2-pyrrolidone (NMP) at 75 °C for 30 min in
a heating block. After cooling, 400 uL. of BSTFA (N, O-
Bis(trimethylsilyl)trifluoracetamide) were added to the vials
and the samples were heated again to 75 °C for 5min. The
samples were transferred to auto-sampler vials after cool-
ing and measured using gas chromatography (SHIMADZU
GC-2010, Kyoto, Japan) equipped with a flame ionization
detector (FID). Sugars were separated on a Supelco SPB-5
column (length, 30 m; inner diameter, 0.25 mm; film thick-
ness, 0.25 pm) using helium as carrier gas. The temperature
was ramped from 160 to 185 °C, held for 4 min, then ramped
to 240°C and held for 0O min, and finally ramped to 300 °C
and held for 5 min. The temperature of the injector was set at
250 °C. Hierarchical cluster analysis and notch box plots for
the sugar biomarkers data were done by using the R software
(version 3.4.4, 15 March 2018).

3 Results and discussion

3.1 Elemental composition, §13C and §'°N of dominant
plants

Total organic carbon and nitrogen contents were used to cal-
culate TOC /TN ratios in order to characterize and possi-
bly distinguish the investigated plant types. The leaf sam-
ples yielded values covering a wide range from 14.5 (Lo-
belia) to 80.4 (Erica). The boxplot diagrams in Fig. 3a de-
pict that plant leaves are characterized by significantly higher
TOC / TN ratios compared to corresponding O layers and
Ap horizons. Mean TOC /TN values for all investigated
dominant plants are > 40, thus confirming the finding of
Zech (2006) and Zech et al. (2011b) from Mt. Kilimanjaro
that subalpine and alpine vegetation has typically very high
TOC / TN values.

The 8'3C values of Erica are not significantly different
from the other plants (Fig. 3b). Note that Kniphofia has a
more positive value, but a statistical comparison could not
be applied because only one sample is available. No signifi-
cant variation in stable isotopes among the rest of dominant
plant species could be detected either. Overall, the §!3C val-
ues of all investigated plants range from —27.5 (Erica) to
—23.9 %o (Kniphofia); thus, they are well within the typical

E&G Quaternary Sci. J., 68, 177—188, 2019
50



Manuscript 1

182

B. Mekonnen et al.: Stable isotopes and sugar biomarkers

Figure 2. Photos showing plant species investigated in this study: (a) Erica trimera (3870 ma.s.l.), (b) Festuca abyssinica (3920 ma.s.1.),
(¢) Alchemilla haumannii (3947 ma.s.l.), (d) Helichrysum splendidum (4377 ma.s.l.), (e) Kniphofia Foliosa (3930 ma.s.l.) and (f) Lobelia

rhynchopetalum (3922 ma.s.l.).

range for C3 plants. The occurrence of (sub)alpine C4 plants
similar to those on Mt. Kenya (Street-Perrott et al., 2004;
Young and Young, 1983) is hitherto not confirmed for the
Bale Mountains based on the admittedly quite limited plant
sample set presented here. However, the absence of C4 would
be in agreement with the findings of Zech et al. (2011b)
from Mt. Kilimanjaro. Furthermore, our 813C leaf data do
not reveal a dependence on altitude, as reported by Korner et
al. (1991) for a global dataset. This likely reflects that local
climatic conditions and other factors exert a higher control in
our study area. The 8'°N values for leaf material range from
—4.8 (Erica) to 5.1 %o (Alchemilla). Such a relatively large
813N variability is well described for plants and can be ex-
plained by different nitrogen sources being taken up and by
different mechanisms of N uptake including mycorrhizae be-
ing present. Similar to the 8'3C results, §'9N values of Erica
are not significantly different from other plants (Fig. 3c).

3.2 Elemental composition, 6'3C and 6'°N in O layers
and Ap, horizons

Apart from revealing similarities and/or differences in
TOC /TN, 83C and 85N between the dominant plants,
Fig. 3a furthermore reveals that TOC / TN ratios generally
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strongly decrease from leaf material over O layers to the
respective Ay horizons. This reflects the preferential loss
of carbon versus nitrogen during mineralization (Meyers,
1994). At the same time, this decrease implies that TOC / TN
ratios of plants cannot be used as a straight-forward proxy for
paleovegetation reconstructions in archives that are prone to
organic matter degradation and mineralization.

According to Fig. 3b, the O layers tend to have slightly
more negative §'C values compared to leaf material. By
contrast, A, horizons have generally more positive §'3C val-
ues. We explain the former finding with the preferential loss
of an easily degradable '3C-enriched organic matter pool,
like sugars during a very early stage of leaf litter degrada-
tion. The later finding is in agreement with numerous studies
(Ehleringer et al., 2000; Garten et al., 2000; Natelhoffer and
Fry, 1988) reporting on increasing 8'3C values with increas-
ing soil depths. This '3C enrichment in soils is usually ex-
plained by the preferential enzymatically controlled loss of
12C during soil organic matter degradation (Farquhar et al.,
1982; Friedli et al., 1986; Zech et al., 2007). It may be note-
worthy that two Ay, horizons of the northeastern part of the
transect yielded very positive §'3C values of —21.2%o and
—19.1 %o, respectively, which are higher than expected for
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Figure 3. Boxplot diagrams showing (a) TOC / TN and (b) §13C and (c) 815N results for leaves (L), O layers and Ay, horizons of the inves-
tigated dominant vegetation types in the Bale Mountains. The upper and lower bold lines indicate the 75th and 25th quartiles, respectively,
and the middle bold line shows the median. The lines extending outside the box (whiskers) show variability outside the quartiles and notches
indicate the 95 % confidence interval. White circles represent outliers. Note that short horizontal single lines are due to small sample sizes.

soils that have developed under pure Cz vegetation. Given
that our plant sample set is rather small, it cannot be ex-
cluded that those soils received litter from C4 grasses and
we encourage further studies in order to clarify whether C4
grasses occur in the Bale Mountains like on Mt. Kenya or not
(see Sect. 3.1).

Like 8'3C, !N of soils is also reported to be strongly af-
fected by soil organic matter degradation and mineralization
(Natelhoffer and Fry, 1988; Zech et al., 2007). It is hence
not surprising that the investigated Ay horizons are clearly
I5N-enriched compared to the leaf samples (Fig. 3c). Fur-
thermore, the O layers and the Ay, horizons across the altitu-
dinal transects of the Bale Mountains reveal a general trend
toward more negative values with increasing altitude (Fig. 4).
Similar findings were reported for the southern and northern
slopes of Mt. Kilimanjaro (Zech et al., 2011a, b) and reflect
that the N cycle is open at lower altitudes as it is character-
ized by higher temperatures. By contrast, at higher altitudes
N mineralization and N losses are reduced (closed N cycle)
due to lower temperatures. As an exception from this over-
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all trend, the O layers reveal a maximum between 3920 and
3950 ma.s.l. and the Ay, horizons reveal two maxima around
3950 as well as around 4130 ma.s.1. Given that O layers and
Ay, horizons act as integrated recorders of the N cycle taken
from periods of several years and hundreds of years, respec-
tively, those maxima indicate that at the respective sampling
sites the N cycle was open and significant N losses occurred
during the past. Several studies emphasized already that the
subalpine and alpine zones in the Bale Mountains are heavily
affected by human-induced fires (Johansson, 2013; Kidane et
al., 2012; Miehe and Miehe,1994; and Wesche et al., 2000).
Therefore, we attribute this opening of the N cycle to the re-
peated burning (and thus loss) of the relatively '>N-depleted
vegetation cover.

3.3 Sugar concentrations and patterns of dominant
plants

As shown in Fig. 5, the overall non-cellulosic sugar concen-
trations in leaves range from 58 to 253 mgg~!. We found
high contents in Festuca and Alchemilla, whereas Erica is
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Figure 4. 5> N results of O layers and Ay, horizons along altitudinal
transects of the Bale Mountains.

characterized by relatively low non-cellulosic sugar concen-
trations. This has implications for paleovegetation recon-
structions because plants producing lower amounts of sug-
ars are less represented in soils and sedimentary archives. A
comparable example for such an issue is leaf-wax-derived n-
alkane biomarkers not being sensitive enough for coniferous
trees due to the very low n-alkane concentrations of conifer-
ous needles (Zech et al., 2012).

Nevertheless, a hierarchical cluster analysis performed for
leaves on the basis of their individual sugar monomers ara-
binose, fucose, galactose, mannose, rhamnose, ribose, xy-
lose, glucuronic acid and galacturonic acid resulted in three
main groups, suggesting that a chemotaxonomic differenti-
ation of the dominant vegetation types on the Bale Moun-
tains may be possible (Fig. 6). The first group mainly rep-
resents Kniphofia, Alchemilla and Helicrysum species indi-
cating close similarity between them. The second group pre-
dominantly contains Erica spp. and the third group is mainly
composed of Festuca spp. This result allows the conclusion
that the plant species under study vary in their foliar sugar
composition. Erica and Festuca vary especially clearly in
their sugar signatures.

Both Jia et al. (2008) and Prietzel et al. (2013) used the
ratio of galactose and mannose versus arabinose and xy-
lose ((G+ M) / (A + X)) in particular, in order to distinguish
between different vegetation types. In the Bale Mountains,

E&G Quaternary Sci. J., 68, 177-188, 2019

B. Mekonnen et al.: Stable isotopes and sugar biomarkers

n
X
3

n
S
3

Total sugar conc.(mg g =1 sample )
2 =
8 3

o
3

Erica Festuca Alchemilla  Helichrysum

Genus

Kniphofia Lobelia

Figure 5. Total sugar concentrations of the investigated plant leaves
along altitudinal transects of the Bale Mountains. The upper and
lower bold lines indicate 75th and 25th quartiles, respectively, and
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Figure 6. Cluster formation based on non-cellulosic sugar
biomarker concentrations of leaf samples from the dominant veg-
etation types in the Bale Mountains.

Erica leaves yielded significantly higher (G+ M) / (A + X)
ratios compared to Alchemilla, Festuca and Helichrysum
(Fig. 7a). Hence, one might be tempted to recommend the
(G+M) /(A + X) ratio as a proxy in soils and sediments for
reconstructing Erica distribution during the past. Note that
the (G+M) /(A +X) ratios around 1 for Erica, Kniphofia
and Lobelia are clearly higher than the ratios reported to be
typical for plants according to Oades (1984). By contrast, the
fucose to arabinose and xylose ratios (F /(A + X)) are very
low, as expected for plants (cf. Hepp et al., 2016), with a
mean value of 0.05+0.05 (n = 25). Erica is characterized
by higher ratios than Festuca (Fig. 7b).

3.4 Sugar patterns of O layers and Ay, horizons

The characteristic (G+ M) /(A + X) and F /(A + X) ratios
for the dominant vegetation types are not well reflected in
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Figure 7. Boxplot diagram showing the (a) (G+ M) / (A +X) and
(b) F /(A +X) ratios of leaves (L), O layers and Ay, horizons, re-
spectively, along the altitudinal transect across the Bale Mountains.
The upper and lower bold lines indicate 75th and 25th quartiles, re-
spectively, and the middle bold line shows the median. The lines
extending outside the box (whiskers) show variability outside the
quartiles and notches indicate the 95 % confidence interval. White
circles represent outliers. Note that short horizontal single lines are
due to small sample sizes.

the respective O layers and Ay horizons (Fig. 7). Rather,
the ratios generally increase, indicating that both arabi-
nose and xylose are preferentially degraded or that galac-
tose, mannose and fucose are built-up by soil microorgan-
isms. This later interpretation is in agreement with Oades
(1984), who reported that soil microorganisms are charac-
terized by (G+ M) / (A + X) ratios > 2. The F / (A + X) ra-
tios of 0.18 £0.07 observed for Ay, horizons in this study are
well within the range reported for terrestrial soils by Hepp et
al. (2016). Apart from soil microorganisms, a considerable
contribution of root-derived sugars, including root exudates,
is very likely as well (Gunina and Kuzyakov, 2015). More
systematic respective biomarker studies, similar to, for in-
stance, the one carried out by Prietzel et al. (2013) are there-
fore encouraged in order to address this effect more quanti-
tatively in the future.

As a result, soils under Alchemilla and Festuca yield
(G+M)/(A+X) ratios similar to those of Erica leaves.
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This has severe implications for paleovegetation reconstruc-
tions based on sugar biomarkers and resembles degradation
problems reported for lignin-derived phenol and leaf-wax-
derived n-alkane biomarkers (Lemma et al., 2019a; Zech et
al., 2012). In the case of the Bale Mountains, only fresh
leaves or leaf material that has undergone little degradation
(as it may hold true in anoxic lacustrine sediments) allow
a chemotaxonomic differentiation between Erica and other
dominant vegetation types, such as Alchemilla, Festuca and
Helichrysum. Given that by contrast good preservation of
sugar biomarkers is usually not the case in soils, we con-
sider neutral sugar biomarkers unsuitable for reconstructing
former Erica expansion from paleosols in our study area and
instead encourage studies focusing on other biomarkers.

4 Conclusions

Having investigated plant material, O layers and Ay, horizons
along altitudinal transects, we found no clear evidence for the
modern-day occurrence of C4 grasses in the Bale Mountains.
Neither 8'3C nor §'°N values allow a clear chemotaxonomic
differentiation of Erica from other dominant vegetation types
such as Alchemilla, Festuca and Helichrysum. TOC / TN ra-
tios strongly decrease and both 13C and N become gener-
ally enriched from the leaves to the A}, horizons due to degra-
dation and mineralization. §'>N is furthermore generally
more negative at higher altitudes, which reflects a low de-
gree of mineralization and overall a relatively closed N cycle
due to low temperatures. §°N maxima around 4000 m a.s..
indicate the likely fire-induced opening of the N cycle at the
respective study sites. Erica leaves are characterized by rela-
tively low total sugar concentrations and can be chemotax-
onomically distinguished from the other dominant vegeta-
tion types mainly because of their higher relative amounts
of galactose and mannose. However, these sugar monomers
are produced by soil microorganisms as well. Therefore, soils
under Alchemilla and Festuca yielded (G + M) / (A + X) ra-
tios similar to those of Erica leaves, and even in soils un-
der Erica this ratio significantly increased. This suggests that
sugar biomarkers alone do not allow the establishment of a
straight-forward proxy for reconstructing the former expan-
sion of Erica on the Sanetti Plateau. Therefore, future work
should emphasize alternative promising molecular markers,
such as tannin-derived phenols and terpenoids. In addition,
black carbon should be analyzed in order to reveal the im-
pact of fire on the extent of the Ericaceous vegetation.

Data availability. The data are archived in the following
Zenodo  repository:  https://doi.org/10.5281/zenodo.3371636,
available at: https://zenodo.org/record/3371636\T 1\textbackslash#
XVrf3N4zbIU.
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Abstract: Erica is a dominant vegetation type in many sub-afroalpine ecosystems, such as the Bale Mountains
in Ethiopia. However, the past extent of Erica is not well known and climate versus anthropogenic
influence on altitudinal shifts are difficult to assign unambiguously, especially during the Holocene.
The main objective of the present study is to chemotaxonomically characterize the dominant plant
species occurring in the Bale Mountains using lignin phenols and n-alkane biomarkers and to ex-
amine the potential of those biomarkers for reconstructing vegetation history. Fresh plant material,
organic layer and mineral topsoil samples were collected along a northeastern and a southwestern al-
titudinal transect (4134-3870 and 4377-2550 m a.s.l., respectively). Lignin-derived vanillyl, syringyl
and cinnamyl phenols were analyzed using the cupric oxide oxidation method. Leaf-wax-derived n-
alkanes were extracted and purified using Soxhlet and aminopropyl columns. Individual lignin phenols
and n-alkanes were separated by gas-chromatography and detected by mass spectrometry and flame
ionization detection, respectively.

We found that the relative contributions of vanillyl, syringyl and cinnamyl phenols allow us to
chemotaxonomically distinguish contemporary plant species of the Bale Mountains. Erica in particu-
lar is characterized by relatively high cinnamyl contributions of > 40 %. However, litter degradation
strongly decreases the lignin phenol concentrations and completely changes the lignin phenol pat-
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terns. Relative cinnamyl contributions in soils under Erica were < 40 %, while soils that developed
under Poaceae (Festuca abyssinica) exhibited relative cinnamyl contributions of > 40 %.

Similarly, long-chain n-alkanes extracted from the leaf waxes allowed for differentiation between
Erica versus Festuca abyssinica and Alchemilla, based on lower C3; / Cyg ratios in Erica. However,
this characteristic plant pattern was also lost due to degradation in the respective O layers and Ay, hori-
zons. In conclusion, although in modern-day plant samples a chemotaxonomic differentiation is pos-
sible, soil degradation processes seem to render the proxies unusable for the reconstruction of the past
extent of Erica on the Sanetti Plateau, Bale Mountains, Ethiopia. This finding is of high relevance
beyond our case study.

Erica prigt als dominante Pflanzengattung viele Subafro-alpine Okosysteme, so auch die Bale Berge
in Athiopien. Das AusmaB der flichenhaften Ausdehnung von Erica in der Vergangenheit ist jedoch
unklar, genauso wie die klimatische versus menschliche Verursachung solcher Vegetationsidnderun-
gen insbesondere im Holozédn. Das Ziel dieser Studie war es herauszufinden (i) ob sich die dom-
inante Vegetation in den Bale Bergen anhand von ligninbiirtigen Phenolen und blattwachsbiirtigen
n-Alkanbiomarkern chemotaxonomisch unterscheiden lésst und (ii) ob diese Biomarker das Potential
haben zur Vegetationsrekonstruktion im Untersuchungsgebiet beizutragen. In einem Begleitartikel
(Mekonnen et al., 2019) verfolgen wir dasselbe Ziel, jedoch anhand von Stabilkohlenstoff- und Stick-
stoffisotopen sowie Zuckerbiomarkern. Untersucht wurden Pflanzenproben, O-Lagen und Ay Hori-
zonte entlang eines Nord- und eines Stidwest-Hohentransektes (3870—4134 m bzw. 2550-4377 m ii.
NN). Die ligninbiirtigen Phenoleinheiten Vannilly, Syringyl und Cinnamyl wurden mittels der Kupfer-
oxidationsmethode gewonnen; die n-Alkane wurden mittels Soxhlet extrahiert und tiber Aminopropy-
Isdulen aufgereinigt. Die Quantifizierung der Ligninphenole und n-Alkane erfolgte mittels Gaschro-
matographie — Massenspektrometrie bzw. Gaschromatographie — Flammenionisationsdetektion.

Kurzfassung:

Die Ergebnisse zeigen, dass sich die dominanten Pflanzenarten in den Bale Bergen anhand ihrer
Vanillyl, Syringyl und Cinnamyl Einheiten chemotaxonomisch unterscheiden lassen. So weist ins-
besondere Erica charakteristischerweise relativ hohe Cinnamyl-Anteile von > 40 % auf. Vermut-
lich degradationsbedingt nimmt jedoch in der Reihe Pflanze — O-Lage — Ay, Horizont nicht nur die
Ligninkonzentration stark ab, sondern auch die Ligninmuster dndern sich vollig. Dadurch weisen
Boden unter Erica Cinnamyl-Anteile < 40 % auf, wéhrend Boden die sich unter der dominanten
Grasart Festuca abyssinica entwickelt haben Cinnamyl-Anteile von > 40 % aufweisen. Auch anhand
der Alkanbiomarker ist eine chemotaxonomische Unterscheidung zumindest zwischen Erica versus
Festuca abyssinica und Alchemilla moglich. Als Proxy dient hier das Verhiltnis von C3; zu Cpg.
Allerdings fiihrt auch hier Degradation in der Reihe Pflanze — O-Lage — A Horizont zum Verlust
des charakteristischen Alkanmusters. Obwohl sich rezentes Pflanzenmaterial chemotaxonomisch un-
terscheiden ldsst, zwingt dies zur Schlussfolgerung, dass Degradationseffekte bei der Rekonstruktion
von Erica im Untersuchungsgebiet der Bale Berge in Athiopien anhand von ligninbiirtigen Phenolen
und blattwachsbiirtigen Alkanbiomarkern nicht unberiicksichtigt bleiben diirfen. Dieser Befund ist
iiber unsere Fallstudie hinaus von hoher Relevanz.

1 Introduction tains National Park is increasingly under threat from climate
change and anthropogenic impacts (Kidane et al., 2012). As-

certaining the past environmental and vegetation history of

The Bale Mountains are an eastern afromontane biodiver-

sity hotspot area with 27 endemic species of flowering plants
(Hillman, 1988). Like in many other afromontane ecosys-
tems, an altitudinal zonation of the vegetation is well estab-
lished, with an Ericaceous belt forming a prominent feature.
Ericaceous vegetation dominates above 3300 m a.s.l., shows
different stages of post-fire succession and remains contin-
uous up to 3800 ma.s.l. However, it becomes patchy on the
Sanetti Plateau (Miehe and Miehe, 1994). The Bale Moun-
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the area will support conservation efforts and may help to
disentangle the influence of climate versus human impact on
the present biodiversity.

Until now, the vegetation history of the Bale Mountains
was studied using pollen records from lacustrine sediments
and peat deposits (Bonnefille and Hamilton, 1986; Bonnefille
and Mohammed, 1994; Hamilton, 1982; Umer et al., 2007).
The results suggest the extension of the Ericaceous belt to-
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wards higher altitudes during the early and middle Holocene.
As potential drawbacks, such pollen studies depend on pollen
preservation and can be biased by variable pollination rates
as well as middle- and long-distance pollen transport (Hicks,
2006; Jansen et al., 2010; Ortu et al., 2006). By contrast, sta-
ble isotopes and biomarkers can also be applied to more de-
graded sedimentary archives and soils and are assumed to re-
flect the standing vegetation more (Glaser and Zech, 2005).
Thus, they offer the potential to complement pollen-based
vegetation reconstructions and to reconstruct vegetation at
a higher temporal and spatial resolution. For instance, the
stable carbon isotopic composition (8'3C) of lacustrine sedi-
ments suggests an expansion of alpine C4 grasses on Mount
Kenya, especially during glacial times (Street-Perrott et al.,
2004), whereas 8'3C results from (paleo-)soils provide no
evidence for C4 grass expansion close to Mount Kiliman-
jaro during late Pleistocene glacial period (Zech, 2006; Zech
et al., 2011b). We focus here on lignin-derived phenols and
leaf-wax-derived n-alkanes as biomarkers, while stable iso-
topes and sugar biomarkers and their chemotaxonomic po-
tential for reconstructions of the Bale Mountains vegeta-
tion are addressed in a companion paper by Mekonnen et
al. (2019).

Lignin has a polyphenolic biochemical structure produced
by terrestrial vascular plants (Ertel and Hedges, 1984) pro-
viding strength and rigidity to the plants (Thevenot et al.,
2010). The lignin-derived phenols vanillyl (V), syringyl (S)
and cinnamyl (C) as products of cupric oxide (CuO) ox-
idation are used to differentiate sources of organic matter
and provide information about the diagenetic state (degree
of degradation) of vascular plant material in terrestrial and
aquatic sediments (Castafieda et al., 2009; Hedges et al.,
1988; Tareq et al., 2004, 2006; Ziegler et al., 1986). For in-
stance, low ratios of S/ V ~ 0 were suggested as a proxy
for the relative contribution of gymnosperms, and elevated
S /V ratios were found to be indicative for the presence of
angiosperms (Tareq et al., 2004). Likewise, the C / V ratio
was proposed to indicate the relative contribution of woody
(C/V <0.1) and non-woody (C / V > 0.1) plants to the soil
and sediment organic matter (Tareq et al., 2011). Moreover,
the ratios of acid to aldehyde forms of vanillyl and syringyl
units (Ac/ Al)v,s were suggested as proxies for quantify-
ing the degree of lignin degradation (Amelung et al., 2002;
Hedges and Ertel, 1982; Moller et al., 2002).

n-alkanes are important constituents of plant leaf waxes
(Kolattukudy, 1970), where they serve to protect plants
against water loss by evaporation as well as from fungal
and insect attacks (Eglinton and Hamilton, 1967; Koch et
al., 2009). Due to their recalcitrant nature, they are often
well preserved in sedimentary archives and used as biomark-
ers (also called molecular fossils) in paleoclimate and envi-
ronmental studies (Eglinton and Eglinton, 2008; Glaser and
Zech, 2005; Zech et al., 2011c). The potential of n-alkanes
for chemotaxonomic studies has been suggested based on the
finding that the homologues C»7 and Cp9 are sourced pre-
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dominantly from trees and shrubs, whereas the homologues
C31 and Cs3 are sourced predominantly from grasses and
herbs (Maffei, 1996; Maffei et al., 2004; Rommerskirchen
et al., 2006; Schifer et al., 2016; Zech, 2009). Potential
pitfalls when applying n-alkane proxies in paleovegetation
studies should not be overlooked. For instance, (Bush and
Mclnerney, 2013) caution against the chemotaxonomic ap-
plication of n-alkanes because of high n-alkane pattern vari-
ability within graminoids and woody plants (Schifer et al.,
2016) emphasized the need for establishing regional calibra-
tion studies and Zech et al., (2011a, 2013) point to degrada-
tion affecting n-alkane proxies.

While the overall aim of our research is to contribute to
the reconstruction of the paleoclimate and environmental his-
tory of the Bale Mountains, this study focuses more specifi-
cally on the following questions: (i) do lignin phenols and n-
alkane biomarkers allow a chemotaxonomic differentiation
of the dominant plant types of the Bale Mountains? (ii) Are
the biomarker patterns of the plants reflected by and incorpo-
rated into the respective soils? (iii) Which implications have
to be drawn from those results for planned paleovegetation
reconstructions in the study area, e.g., concerning the recon-
struction of the former extent of Erica? Finally, improved
knowledge of the vegetation history of the Bale Mountains
may help to support the biodiversity conservation program
of the park in the face of future climate change and increas-
ing human pressure.

2 Material and methods

2.1 Study area and sample description

The Bale Mountains are located 400 km southeast of Addis
Ababa, the capital of Ethiopia (Hillman, 1986). Geograph-
ically, they belong to the Bale—Arsi massif, which forms
the western section of the southeastern Ethiopian Highlands
(Hillman, 1988; Miehe and Miehe, 1994; Tiercelin et al.,
2008). The Bale Mountains National Park (BMNP) is sit-
uated at 39°28 to 39°57'E and 6°29" to 7°10’N, (Hill-
man, 1988; Miehe and Miehe, 1994; Umer et al., 2007)
with elevations ranging from 1400 to 4377ma.s.l. The
highest part forms the Sanetti Plateau, on which the sec-
ond highest peak of the country, Mount Tullu Dimtu at
4377ma.s.l. is also located (Hillman, 1988). The plateau
is limited by the steep Harenna escarpment in the south
and the southeast. The northeastern part is encompassed by
high ridges and broad valleys that gradually descend towards
the extensive Arsi—Bale plateaus and further into the Cen-
tral Rift Valley lowlands (Hillman, 1988; Tiercelin et al.,
2008). The topography of the Bale Mountains results in cli-
matic gradients with respect to spatial and temporal distri-
bution of rainfall as well as temperature (Tiercelin et al.,
2008). Mean maximum temperature (MMT) on the moun-
tain peaks ranges between 6 and 12 °C. At Dinsho (head-
quarters, 3170 ma.s.l.) the MMT is 11.8°C. Mean mini-
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® Sample Site

Vegetation Type

Afroalpine Helichrysum dwarf
scrub and herbaceous
formations

Isolated Erica shrubs or small
Erica groves within afroalpine
Helichrysum heath (fire relicts)

Ericaceous belt comprising
dwarf forests, thickets and
© shrublands

Upper montane forests with

(Hagenia - Hypericum zon'e)
Bamboo (Sinarundinaria alpina)

. Afromontane rainforest

N

Figure 1. Map of the Bale Mountains for the vegetation zones and study sites along the northeastern and the southwestern transect (modified
following Miehe and Miehe, 1994). Dominant vegetation types sampled that comprise the Ericaceous and afroalpine belt.

mum temperature ranges from 0.6 to 10°C, with frequent
frost occurring in the high peak areas during the winter
season (Tiercelin et al., 2008). The highest annual rainfall
and humidity occurs in the southwest part of the moun-
tain with 10001500 mmyr—', and the northern part of the
mountains exhibits annual rainfall ranging between 800 and
1000 mm yr~! (Woldu et al., 1989). The vegetation shows an
altitudinal zonation comprised of the afromontane rainforest
(1450-2000 m a.s.1.), the upper montane forests dominated
by Hagenia and Hypericum species (2000-3200 m a.s.1.); the
Ericaceous belt (3200-3800 m a.s.1.); and the afroalpine zone
(3800-4377 ma.s.l.) dominated by dwarf shrubs such as He-
lichrysum, Alchemilla, herbs, and grasses (mostly Festuca;
Fig. 1) (Friis, 1986; Miehe and Miehe, 1994). Geologically,
the Bale Mountains consist of a highly elevated volcanic
plateau dominated by alkali basalt, tuffs and rhyolite rocks.
During the Last Glacial Maximum (LGM), it is understood
that the regions of the high peak summits were glaciated and
later flattened by repeated glaciations (Kidane et al., 2012;
Osmaston et al., 2005; Umer et al., 2004). The soils having
developed on the basaltic and trachyte rocks can be gener-
ally characterized as silt loam, having a reddish brown to
black color (Woldu et al., 1989). They are usually shallow,
gravelly and are assumed to have developed since the glacial
retreat (Hedberg, 1964). Andosols are the most ubiquitous
soil types. Nevertheless, Cambisols and Leptosols are also
prevalent soil types in some parts of the Bale Mountains. In
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wetland and sedimentary basins, Gleysols and Histosols are
also common (Billi, 2015; Yimer et al., 2006).

In February 2015, 25 leaf and twig samples of the dom-
inant plant species were collected (Fig. 1) along a south-
western and a northeastern transect (ranging from 2550 to
4377ma.s.l. and 3870 to 4134 ma.s.l., respectively). Sam-
ples comprised of Erica trimera (Engl.) Beentje (n =5), Er-
ica arborea L. (n =5), Alchemilla haumannii Rothm. (n =
5), Festuca abyssinica Hochst. ex A. Rich. (n = 6), Helichry-
sum splendidum Thunb. L. (n = 2), Kniphofia foliosa Hochst.
(n = 1) and Lobelia rhynchopetalum Hemsl. (n = 1). Addi-
tionally, 15 organic surface layers (= O layers, strongly hu-
mified plant residues) and 22 mineral topsoils (= Ay hori-
zons) that developed under the above listed dominant veg-
etation were collected from 27 sampling sites, resulting in
62 samples in total. For photos illustrating the investigated
plant species and typical study sites, the reader is referred
to Fig. 2 of our companion paper by Mekonnen et al. (2019).
All samples were air-dried in the Soil Store Laboratory of the
National Herbarium, Department of Plant Biology and Bio-
diversity Management, Addis Ababa University. In the lab-
oratories of the Soil Biogeochemistry Group, Martin Luther
University of Halle-Wittenberg, soil samples were sieved us-
ing a mesh size of 2mm, finely ground, homogenized and
subjected to further biogeochemical analysis.
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Figure 2. Sum of lignin phenol concentrations (3_VSC) of contemporary plants, O layers and A}, horizons. Error bars illustrate standard

deviations.

2.2 Analysis of lignin-derived phenol and
leaf-wax-derived n-alkane biomarkers

Lignin phenols were extracted from 35, 50 and 500 mg of
plant, O-layer and Ap-horizon soil samples, respectively. The
analytical procedure followed the cupric oxidation (CuO)
method developed by Hedges and Ertel (1982) and modified
later on by Goiii and Hedges (1992). Briefly, the samples
were transferred into Teflon digestion tubes together with
100 mg of (NH4)2Fe(SO4)2 x 6H,0, 500 mg of CuO, 50 mg
of C¢H120¢, 1 mL of ethylvanillin solution (100 ppm) as in-
ternal standard 1 (IS1) and 15 mL of 2M NaOH and digested
at 170°C for 2h under pressure. Reaction products were
cooled overnight and transferred into centrifuge tubes. Then
the phenolic compounds were purified by adsorption on C;g
columns, desorbed by ethylacetate and concentrated under
a stream of nitrogen gas for 30 min. Residue was dissolved
in 1 mL phenylacetic acid (PAA), a working internal stan-
dard stock solution to determine the recovery of ethylvanillin
before derivatization (Amelung et al., 2002; Moller et al.,
2002). Finally, the samples were derivatized using 200 pL
of N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and
100 uL of pyridine. Oxidation products of lignin phenols
were quantified using a SHIMADZU QP 2010 gas chro-
matography (GC) instrument coupled with a mass spectrom-
eter (MS), (GCMS-QP2010, Kyoto, Japan).

After recovery correction, the concentration of each lignin
phenol (in mgg~") was calculated from two or three CuO
oxidation products according to the Egs. (1), (2) and (3), re-
spectively.

Vanillyl (V) = vanillin 4 acetovanillone + vanillic acid (1)
Syringyl (S) = syringaldehyde + acetosyringone

+ syringic acid 2)
Cinnamyl (C) = p-coumaric acid + ferulic acid 3)

www.eg-quaternary-sci-j.net/68/189/2019/

For data evaluation, the sum of V, S, and C (3_VSC); the
ratios of S / V, and C / V; and the ratios of acids to aldehydes
(Ac / Al) for the syringyl and vanillyl units were additionally
calculated.

Leaf-wax-derived n-alkanes were extracted from0.5to 1 g
of plant, O-layer and Ap-horizon soil samples using Soxhlet
extraction by adding 150 mL of dichloromethane (DCM) and
methanol (MeOH) as solvents (9 : 1 ratio) for 24 h follow-
ing a method modified following Zech and Glaser (2008). In
brief, 50 L of Sa-androstane were added to the total lipid ex-
tracts (TLEs) as internal standard. TLEs were concentrated
using rotary evaporation and transferred to aminopropyl
columns. Three lipid fractions containing the n-alkanes, al-
cohols and fatty acids, respectively, were eluted successively
by using 3 mL of hexane, DCM / MeOH (1 : 1), and diethyl
ether and acetic acid (95 : 5) as eluent. The n-alkanes were
separated on a gas chromatograph (GC) and detected by a
flame ionization detector (FID), whereas the other two lipid
fractions (alcohols and fatty acids) were archived. The GC in-
strument (GC-2010 SHMADZU) was equipped with a SPB—
5 column (28.8 m length, 0.25 mm inner diameter, 0.25 pm
film thickness). The injector and detector temperature were
300 and 330 °C, respectively. The initial oven temperature
was 90°C. It is then raised in three ramps to 250°C at
20°Cmin~!, further to 300°C at 2°Cmin~! and finally to
320°C at 4°Cmin~!, resulting in a total oven runtime of
50 min. Helium (He) was used as carrier gas and n-alkane
mixture (Cg—Cyg0) was used as external standard for peak
identification and quantification.

The total n-alkane concentration (TAC), the average chain
length (ACL, following Poynter et al., 1989) and the odd over
even predominance (OEP, following Hoefs et al. (2002), the
latter being very similar to the carbon preference index (CPI),
were calculated according to the Eqgs. (4), (5) and (6), respec-
tively.
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Figure 3. Dendrogram differentiating the dominant plant species of the Bale Mountains based on the concentrations of vanillyl, syringyl and

cinnamy]l lignin phenols (mg g_l

TAC = XC,,, with n ranging from 25 to 35, “)
ACL = X(C, xn)/ 2Cp, 5)

where n refers to the odd numbered n-alkanes ranging from
27 to 33

OEP = (C27+C29+C31 +C33)/(Ca6+Cr8 +C30+C32). (6)

All calibrated datasets of the analytical results were sub-
jected to simple correlation test and agglomerative hierarchi-
cal clustering (AHC) using XLSTAT (2014) statistical soft-
ware. R software version 3.4.2 was also used to demonstrate
taxonomic differences and the effect of biodegradation on the
sample materials via ternary diagrams and notched box plots.

3 Results and discussion

3.1 Lignin phenol concentration and patterns of
contemporary vegetation

The >"VSC of modern plants investigated from the two tran-
sects of the Bale Mountains ranges from 1.8 to 41.8 mgg~",
the sample with Festuca yielding the highest average contri-
bution to TOC with up to 33mgg~! sample (Fig. 2). This

is within the range reported in the literature (Belanger et al.,

E&G Quaternary Sci. J., 68, 189-200, 2019

sample). The dotted vertical line represents the distance or dissimilarity between clusters.

2015; Hedges et al., 1986). Note that lignin phenol concen-
trations of grasses are higher compared to other vegetation of
the Bale Mountains, although it is known that grasses contain
only low amounts of lignin when compared to trees.

The concentrations of individual lignin phenols (vanillyl,
syringyl and cinnamyl) allow us to chemotaxonomically dif-
ferentiate the contemporary dominant plant species of the
Bale Mountains. This is illustrated in Fig. 3, based on an ag-
glomerative hierarchical cluster analysis (AHC). The abun-
dance of individual lignin phenols (V, S and C) was spe-
cific to individual or restricted groups of plant and/or tis-
sues applied to cluster different taxa (Belanger et al., 2015;
Castaieda et al., 2009; Goii and Hedges, 1992; Hedges and
Mann, 1979; Tareq et al., 2004, 2006).

While Fig. 3 highlights the potential for chemotaxonomic
differentiation of the investigated plants, it does not yet
become clear from this hierarchical cluster analyses result
which lignin phenols are characteristic for which plants and
which lignin proxy might have potential for paleovegeta-
tion reconstructions. Therefore, Fig. 4 shows the relative
abundance of V, S and C for all investigated plant species
in a ternary diagram. Accordingly, Erica arborea and Er-
ica trimera are characterized by cinnamyl percentages of
> 40 %, whereas, except for two Festuca samples, all other
plants are characterized by cinnamyl percentages of < 40 %.
Our results from fresh plant material are hence not in agree-
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Figure 4. Ternary diagram for the relative abundances (%) of vanillyl, syringyl and cinnamyl lignin phenols of the dominant vegetation. The
blue line separates samples with more (right) versus less (left) than 40 % cinnamyl.
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Figure 5. Box plot for the relative abundance of cinnamyl phe-
nols (expressed as C /(V+S+C) in %) in plants, O layers and
Ay, horizons. The box plots indicate the median (solid line between
the boxes) and interquartile range (IQR), with upper (75 %) and
lower (25 %) quartiles and possible outliers (white circles). The
notches display the confidence interval around the median within
+1.57 x IQR/sqrt. Note that small sample sizes result in unidenti-
fiable boxes (particularly Kniphofia and Lobelia).

ment with the finding of Hedges and Mann (1979) and
Hedges et al. (1988) that high contributions of cinnamyl phe-
nols are characteristic of non-woody grass and fern. Despite
a relatively large scattering and a partial overlapping, our re-
sults suggest that the ratio C / (V + S 4 C) might be used as
a proxy for distinguishing Erica spp. from other vegetation
types of the Bale Mountains, with values > 0.40 being gen-
erally characteristic for Erica spp.

www.eg-quaternary-sci-j.net/68/189/2019/

3.2 Lignin phenol patterns of O layers and Ay horizons

>"VSC strongly decreases from plants over O layers to
Ay, horizons, except for Helichrysium, which yielded the low-
est >_VSC values of all plants (Fig. 2). This descending trend
is in agreement with the literature (Amelung et al., 1997;
Belanger et al., 2015) and reflects the preferential degrada-
tion of the plant-derived lignin phenols compared to other
soil organic matter constituents. At the same time, the in-
put of root-derived lignin is very likely. As a result of both
processes, i.e., degradation and lignin input by roots and the
large and chemotaxonomically characteristic contribution of
C in Erica plant material (> 41.5%) is lost in the O lay-
ers (C < 27 %), whereas the two investigated O layers under
Festuca yielded relative C contributions > 40 %. Similarly,
Ay, horizons under Festuca are characterized by C contribu-
tions > 40 %, while all Ay horizons that developed under
other vegetation types are characterized by C contributions
< 40 %. This finding does not ad hoc preclude the above pro-
posed lignin phenol proxy C / (V + S + C) for reconstructing
vegetation history, but it definitely challenges its application.
Degradation and lignin input by roots need to be considered
when interpreting phenol proxies. This is relevant beyond our
case study concerning Erica versus Festuca and Helichrysum
(Fig. 5) and is likely more relevant in paleosols than in sedi-
mentary archives.

In our study, we found no consistent increase and system-
atic relationship between Ac / Al ratios of V and S, which
are used as degradation proxies in some studies (Amelung et
al., 2002; Hedges and Ertel, 1982; Moller et al., 2002; Tareq
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Figure 7. Ternary diagram illustrating the relative abundance (%) of the n-alkanes C7, Cp9 and C3 in the investigated plant samples.

et al., 2011), and source proxy (S / V). This is in agreement
with other studies (Belanger et al., 2015), and we therefore
suggest that caution needs to be taken when using Ac /Al
ratios as degradation proxies.

3.3 n-alkane concentrations and patterns of
contemporary plants

To characterize the dominant plant species chemotaxonomi-
cally, n-alkanes with a chain length of 21-37 C atoms were
considered as characteristic for epicuticular leaf waxes, typ-
ical for higher plants (Eglinton and Hamilton, 1967; Hoff-
mann et al., 2013). Most of the investigated plant species
showed total n-alkane concentrations (TAC, C5—C3ss) above
800ugg~!. Only Lobelia and Festuca exhibited total n-
alkane concentrations below 800ugg~' (Fig. 6). The TAC
values of the O layers were only slightly lower when com-

E&G Quaternary Sci. J., 68, 189-200, 2019

pared to contemporary plants. By contrast, the TAC values
of the Ay, horizons were significantly lower compared to con-
temporary plants (Fig. 6). The n-alkane concentrations in this
study are in agreement with research findings for fresh plant
materials (Bush and Mclnerney, 2013; Feakins et al., 2016)
and soils (Schéfer et al., 2016).

Contrary to lignin phenols, hierarchical cluster analysis
of individual n-alkanes did not allow for unambiguous dif-
ferentiation between Erica and non-Erica species. There-
fore, the n-alkane patterns do not allow for developing a
proxy for identifying Erica, at least in the Bale Moun-
tains. Average chain length values (ACLs) of plant and soil
n-alkanes range between 28 to 32 and 29 to 31, respec-
tively. The ACLs of Erica arborea (30.5) and Erica trimera
(30.5) are identical, which could be explained by the mono-
phyletic origin of the species (Guo et al., 2014). Grass sam-
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Figure 8. Box plot for the ratio C3; / Cp9 in plant samples, organic
layers and Ay horizons. The box plots indicate the median (solid
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cles). The notches display the confidence interval around the me-
dian within +1.57 x IQR/sqrt. Note that small sample sizes result
in unidentifiable boxes (particularly Kniphofia and Lobelia).

ples (Festuca abyssinica) exhibited a clear predominance of
Cs3; (Fig. 7), which was reported before by different authors
(Schifer et al., 2016; Zech, 2009). Most other investigated
plant species revealed a predominance of either Cag or Czj.
Only Kniphofia foliosa is characterized by high relative abun-
dance of Cy7 and Cy9, while C3; is almost absent (Fig. 7).
Apart from individual r-alkanes, the ratio of C3; /Cpo
depicts Erica litter as significantly distinguishable from the
other species, except for Helichrysum splendidum (Fig. 8).

3.4 n-alkane concentration and pattern of O layers and
Ay, horizons

The TAC values decrease in the following order:
plants > O layers > Ay, horizon (Fig. 6). The odd over
even predominance values (OEPs) of the plants, O layers
and Ay horizons range from 5 to 90 (x =21), 4 to 42
(x =15) and 2 to 37 (x = 16), respectively. The OEP values
of the plants (which are almost identical to the CPI values)
are therefore well within the range reported (Diefendorf et
al., 2011) for angiosperms. Decreasing OEP values towards
O layers and Ap horizons are often observed and can be
explained with organic matter degradation (Schifer et al.,
2016; Zech et al.,, 2011b). The still relatively high OEP
values (X = 16) obtained for the topsoils of our study area
indicate that the n-alkanes are not strongly degraded. Impor-
tantly, n-alkane degradation affects not only the OEP values
but also the n-alkane ratios, such as the above presented ratio
C31 / Cy9 that allows distinguishing Erica from non-Erica
vegetation. As a result, this ratio in particular no longer
allows for chemotaxonomically distinguishing between soils
that have developed under Erica versus Alchemilla and grass
(Fig. 8). Unlike with lignin phenols, a noteworthy influence
from root-derived n-alkanes on O layers and Ay, horizons can
be excluded. This is based on the notion that roots contain
lower n-alkane concentrations by several magnitudes than
above-ground plant material and results from studies using

www.eg-quaternary-sci-j.net/68/189/2019/

197

14C dating of n-alkanes in loess—paleosol sequences (Higgi
etal.,, 2014; Zech et al., 2017).

4 Conclusions and implications for paleovegetation
reconstructions in the Bale Mountains

One of the premises within the Mountain Exile Hypothesis
project (DFG-FOR 2358) is to reconstruct the dynamics of
Erica vegetation on the Sanetti Plateau in the Bale Moun-
tains National Park, Ethiopia. While our companion paper
by Mekonnen et al. (2019) focused on stable carbon and ni-
trogen isotopes and hemicellulose-derived sugar biomarkers,
we tested in this regional calibration study the potential of
cupric oxide lignin phenols and leaf-wax-derived n-alkanes
to serve as unambiguous proxies for differentiating between
Erica versus non-Erica vegetation.

A hierarchical cluster analysis of individual lignin phenols
was promising and allowed the chemotaxonomic differen-
tiation of Erica from non-Erica vegetation based on rela-
tively high relative contribution of cinnamyl (> 40 %) phe-
nols. However, this characteristic pattern is not reflected in
the O layers and Ay horizons. In all likelihood, the loss of
the cinnamyl dominance is caused by preferential degrada-
tion. Unlike expected, we found no overall evidence for in-
creasing (Ac / Al)y 4 s ratios as a proxy for degradation from
plant material over O layers to Ap, horizons.

Erica could not be differentiated chemotaxonomically
from all other investigated plant species using n-alkanes in
a hierarchical cluster analysis. Nevertheless, Erica was still
characterized in our dataset by significantly lower C31 / Cag
ratios compared to Alchemilla and grasses. However, like
lignin-derived phenol proxies, the n-alkane patterns are
changing due to degradation from plant material over O lay-
ers to Ap horizons, thus inhibiting their application for an un-
ambiguous chemotaxonomic identification of Erica in soils
and sediments. Therefore, future work is planned focusing
on alternative molecular markers such as tannin-derived phe-
nols and terpenoids.
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Abstract Organic matter in sedimentary archives
is abundantly used to reconstruct paleoenvironmen-
tal and climate histories. Thereby, distinguishing
between the terrestrial and aquatic origin of sedimen-
tary organic matter is often a prerequisite for robust
interpretations. In this case study, we use published
data for modern plants and topsoils to identify the ter-
restrial versus aquatic source of n-alkane and sugar
biomarkers in two afro-alpine sediment archives
(Lake Garba Guracha and Depression B4) in the Bale
Mountains, Ethiopia. The results of our comparative
approach show that the long-chain n-alkanes C,y, C5,
and Cs; in the sedimentary archives yielded patterns
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similar to those typical for the potential terrestrial
input. By contrast, the relative abundances of the sedi-
mentary mid-chain n-alkanes C,; and C,s, and at least
partly Cy; are significantly increased compared to the
plants and topsoils. This suggests that they are pri-
marily produced by aquatic macrophytes and micro-
organisms. The P,q ratio (Cp3+Cy5)/(Cy3+Cps+Cyg
+ Cj3)) is validated as a suitable source identification
proxy in our study area. The sugar biomarkers xylose
(xyl) and arabinose (ara) are abundant in the plant
and topsoil samples. By comparison, high relative
abundances of fucose (fuc) and rhamnose (rham) are
generally only observed in sediments. This indicates
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that these sugar biomarkers are primarily produced by
aquatic macrophytes or micro-organisms. Therefore,
the ratio (fuc+rham)/(ara+xyl) is a suitable sugar
biomarker proxy for organic matter source identifica-
tion. The relative abundances of galactose and man-
nose are systematically decreasing and increasing,
respectively, from leaves over O-layers to Ah-hori-
zons. Furthermore, they are not significantly differ-
ent from the abundances found in the sediments. This
hinders terrestrial versus aquatic source identification
using galactose and mannose.

Keywords Organic matter source

Introduction

Sedimentary organic matter in lake sediments is fre-
quently used for paleoenvironmental and climate
studies (Meyers and Ishiwatari 1993; Smol et al.
2002). Organic matter originates from the complex
mixture of lipids, carbohydrates, proteins, and other
components produced by organisms that have lived
in (autochthonous) and around the lake (allochtho-
nous) (Smol et al. 2002). As a result, organic matter
source identification is an essential prerequisite for
robust paleoenvironmental reconstructions (Doyle
et al. 2022). During the last decades, different molec-
ular markers and proxies were therefore suggested
and developed for characterizing the organic matter
and its degree of alteration in sedimentary records
(Meyers and Ishiwatari 1993; Meyers 1994; Anders-
son et al. 2012). For instance, the total organic car-
bon to nitrogen ratio (TOC/TN) is used to distin-
guish between terrestrial and aquatic carbon sources.
Organic matter derived from algae shows low TOC/
TN values (between 4 and 10), whereas vascular land
plants are usually characterized by high TOC/TN val-
ues (>20) (Meyers 1994). Similarly, the stable carbon
isotopic composition 8'3C is frequently used to distin-
guish between C3 and C4 plant-derived organic mat-
ter (Meyers and Ishiwatari 1993; Meyers and Lallier-
Verges 1999). However, TOC/TN and 8'3C values are
affected by mineralization and degradation, result-
ing in more positive 8'3C values and a lower TOC/
TN ratio (Meyers 1994). Moreover, the Hydrogen
and Oxygen Indexes, which represent the amount of
hydrogen and oxygen in organic matter, may be used
as proxies for organic matter source identification
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(Talbot and Livingstone 1989; Liiniger and Schwark
2002). Note that both indexes are affected by degra-
dation, too.

In addition to the bulk parameters introduced
above, molecular biomarkers such as n-alkanes
(Ficken et al. 2000; Doyle et al. 2022) and hemi-
cellulose-derived neutral sugars (Hepp et al. 2016)
have been suggested for organic matter source iden-
tification. This is based on different biomarker pat-
terns in vascular plants versus aquatic organisms. For
instance, long-chain n-alkanes are abundant com-
ponents of most vascular plant epicuticular waxes
(Eglinton and Hamilton 1967; Bush and Mclnerney
2013), while mid- and short-chain rn-alkanes predom-
inate in many aquatic macrophytes and algae, respec-
tively (Ficken et al. 2000, 2002). Similarly, the appli-
cability of sugar biomarkers in paleoenvironmental
studies is based on the notion that polysaccharides
synthesized by vascular plants contain high amounts
of pentose sugars (arabinose and xylose), whereas
those synthesized by micro-organisms are dominated
by hexose sugars (galactose, mannose, rhamnose, and
fucose) (Oades 1984; Cheshire 1979).

The Bale Mountains in the southeast highland of
Ethiopia comprise Africa’s largest afro-alpine area,
the Sanetti Plateau, above 4000 m asl (Hillman 1988;
Miehe and Miehe 1994). Numerous small lakes and
depressions make this area favourable for paleoenvi-
ronmental reconstructions. Even though they are few
in number, paleoenvironmental and anthropological
studies of the Bale Mountains (Wesche et al. 2000;
Umer et al. 2007; Tiercelin et al. 2008; Kuzmicheva
et al. 2014; Gil-Romera et al. 2019; Ossendorf et al.
2019; Groos et al. 2021) reveal major climatic events,
vegetation changes, and anthropogenic influence.
Therefore, in-depth studies of sedimentary archives
can provide substantial knowledge on the past and
future effects of climate change and anthropogenic
activities at local and regional scales.

This study aims to identify the sources of n-alkane
and sugar biomarkers in two sedimentary archives
located at high altitudes in the Bale Mountains,
namely the glacial cirque lake Garba Guracha and a
depression called B4 located on the Sanetti Plateau.
Bittner et al. (2020) presented the Paq ratio and sugar
proxy (fuc+xyl)/ara for Garba Guracha sediments
previously and Mekonnen et al. (2022) provided the
Paq ratio for B4 depression sediments. However, a
systematic comparison of the whole datasets with
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regional reference plants and soils has not been car-
ried out hitherto. Therefore, for this systematic com-
parison, we use published data from Lemma et al.
(2019) and Mekonnen et al. (2019), who previously
chemotaxonomically characterized modern plants
and soils along the southwest and northeast transects
of the Bale Mountains using n-alkane and sugar bio-
markers, respectively.

Study site

The Bale Mountains belong to the Bale-Arsi Massif,
located east of the Main Ethiopian Rift in the Oro-
mia Regional State, southeast of Ethiopia, between
6.4833333°-7.1666667° N and 39.5°-39.9666667° E
(Fig. 1). The Bale Mountains National Park covers
an area of ~2200 kmz, including the most exten-
sive continuous high-altitude afro-alpine plateau,
the Sanetti Plateau, and the peak, Tullu Dimtu, at
4377 m asl (Kidane et al. 2012). The mountains
rise from the eastern highlands beside the Ethiopian
Rift Valley from 2500 m asl to the Sanetti Plateau at
38004000 m asl (Hillman 1988). The geology of the
Bale Mountains is characterized by volcanic material

6°53'30"N

6°48'0"N

6°42' 30" L I T T I S T -

39°43'30"E

39°49'0"E

consisting of alkali basalt, trachyte, and tuffs with
rhyolites formed during the Miocene and Oligocene
(Billi 2015). Studies indicate that high altitudes of the
mountains (>3000 m asl) were glaciated during the
Last Glacial Maximum (Osmaston et al. 2005). The
soils of the Bale Mountains are generally shallow and
rich in stones. They are made of silty loam that ranges
from reddish brown to black. Andosols, Leptosols,
and Cambisols are common types of soils in the Bale
Mountains. Moreover, muddy Gleysols are found in
wetlands and sedimentary basins (Yimer 2007).

Due to the differences in elevation and aspect, the
climate of the Bale Mountains varies from north to
south (Kidane et al. 2012). The mean annual tempera-
ture is 11.8 °C at Dinsho (the Bale Mountains National
Park headquarters at 3170 m asl), while the mean
minimum temperature is around 0.6 °C in mountain-
ous areas (Hillman 1988; Miehe and Miehe 1994). The
precipitation of the Bale Mountains is governed by
the movement of the Intertropical Convergence Zone
and Congo Air Boundary, resulting in longer rainy
(March—October) and shorter dry (November—Febru-
ary) seasons. The rainy season is bimodal, with a maxi-
mum from July to October and a second peak from

i

Legend

® Modern samples

Garba Guracha
B4

39°54'30"E 40°0'0"E

Fig. 1 Map showing the geographical location of the study area and sampling sites
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March to June. While the northeasterly winds from the
Arabian Peninsula dominate during the dry season, the
southwesterly monsoon transports moisture from the
Indian Ocean and the Atlantic Ocean via the Congo
Basin during the rainy seasons (Tierney et al. 2013;
Lemma et al. 2020). The southwestern part of the Bale
Mountains experiences the highest precipitation and
humidity, with 1000-1500 mm/yr, and the northern
part receives annual rainfall ranging between 800 and
1000 mm/yr (Woldu et al. 1989). The Sanetti Plateau is
characterized by strong diurnal temperature fluctuations
and night frost (Hillman 1988).

Following the climate variability along altitude, the
vegetation of the Bale Mountains is divided into three
main zones: the afromontane, the Ericaceous, and the
afro-alpine belt (Hedberg 1951; Friis 1986). The afromon-
tane forest, which is further divided into dry and moist
afromontane forests, covers an altitude of 1450-3750 m
asl. The dry afromontane forest in the north is dominated
by Juniperus procera, Hagenia abyssinica, and Hyperi-
cum revolutum (Yineger et al. 2008), while the southern
afromontane forest is dominated by Warburgia uganden-
sis, Croton macrostachyus, Podocarpus falcatus. The Eri-
caceous belt spans between 3200 and 3800 m asl and is
characterized by Erica arborea and Erica trimera in the
form of shrubland in most parts and moist forest on the
southern slopes (Harenna forest). Finally, the afro-alpine
vegetation is characterized by Helichrysum splendidum-
Alchemilla haumannii dwarf-scrubs, Kniphofia foliosa
Giant Lobelia (L. rhynchopetalum) and grasses (Hedberg
1964), accompanied by patches of Erica growing beside
big boulders above 3800 m asl. The wetlands of the Bale
Mountains at higher altitudes are mainly characterized by
wetland plant species such as Carex monostachya, Haplo-
carpha rueppellii, Ranunculus sp. and Eriocaulon schim-
peri (Dullo et al. 2015; Chignell et al. 2019). Water plants
such as Potamogeton thunbergii and Ranunculus tricho-
phyllus and Pediastrum algae are common on the shallow
lakes nearby the B4 depression (Mekonnen et al. 2022).

Materials and methods

Sample collection

Modern reference samples (leaves as well as surface
soil samples from O-layers and Ah-horizons) were

collected from the northeastern and southwestern
transects (3870 to 4134 m asl and 2550 to 4377 m asl,
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respectively) of the Bale Mountains, including the
surrounding area of Garba Guracha (Fig. 1). Twenty-
five leaf samples from Erica spp. and afro-alpine
plants such as Alchemilla haumannii, Helichrysum
splendidum, Lobelia rhynchopetalum, Kniphofia foli-
osa, and Festuca abyssinica, and 38 surface soil sam-
ples (15 humified organic O-layers and 23 Ah-hori-
zon soil samples) were collected (cf. Lemma et al.
2019 and Mekonnen et al. 2019).

Late Glacial and Holocene sediment samples were
collected from the glacial lake Garba Guracha and a
periodically dry depression referred to as “B4” (cf.
Bittner et al. 2020 and Mekonnen et al. 2022, respec-
tively). In brief, Garba Guracha is a NEE-oriented
glacial cirque located at 3950 m asl (6.875781° N,
39.878075° E) between the Ericaceous and afro-
alpine belts. It is about 500 m long and 300 m
wide, has a maximum water depth of 6 m, and has
a watershed of 0.15 km?. Previous studies by Umer
et al. (2007) and Tiercelin et al. (2008) provided
a detailed description of the lake’s geochemistry.
In 2017, Bittner et al. (2020) retrieved a 15 m long
core using a Livingstone piston corer operated from
a raft anchored at 4.8 m of water depth. Sediments
were sub-sampled in the laboratory from the core
depth between 75 and 948 cm at 10 cm intervals for
n-alkanes (n=88) and sugar biomarker (n=69) anal-
yses. Further details on the core retrieval, stratigra-
phy, and chronology of this 16.7 kyr BP paleolimno-
logical archive are presented in Bittner et al. (2020).

The B4 depression is located above the upper limit
of the Ericaceous belt at 3970 m asl (6.88905° N;
39.90869° E). A pit profile with humic-rich lacustrine
sediments was dug down to a depth of 2.55 m, and
samples were taken every 2-cm, from 69 to 255 cm,
and every 5 cm above 69 cm. In brief, the B4 profile
is composed of three stratigraphic units covering the
Late Glacial and Holocene according to Mekonnen
et al. (2022). Unit 1 (255-175 cm) is dark-grey, lami-
nated silty-clay above a thin grayish sandy silt layer
and basalt boulders. Unit 2, from 175 to 70 cm depth,
is gray partly laminated silty clay, deposited between
16.6 and13.6 cal kyr BP. Unit 3 is about 70 cm thick
and consists of light brown, weakly clayey sandy silt
with red mottles and bleached aggregate surfaces,
indicating waterlogging during the rainy season.
Given that Unit 3 is strongly affected by degradation;
only the 34 n-alkane data from Unit 1 and 2 were
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further evaluated within this study here. The basal
sediments of this profile are dated to 18 cal kyr BP.

Laboratory analyses
n-Alkane and sugar biomarker analyses

The analyses for all here reviewed n-alkane datasets
(Lemma et al. 2019; Bittner et al. 2020; Mekonnen
et al. 2022) were carried out using the Soxhlet lipid
extraction method by adding dichloromethane (DCM)
and methanol (MeOH) as solvents (9:1 ratio) for
24 h, following the method described by Zech and
Glaser (2008). After obtaining the total lipid extracts
(TLEs), So-androstane was added as an internal
standard to the TLEs. The samples were concentrated
using rotary evaporation and transferred to amino-
propyl columns. The n-alkanes were eluted from the
TLEs using 3 mL of hexane as solvent. Subsequently,
the n-alkanes were quantified using a GC-2010 series
gas chromatograph coupled with a flame ionization
detector (GC-FID; Shimadzu, Kyoto, Japan). The
GC instrument was equipped with an SPB-5 column
(28.8 m length, 0.25 mm inner diameter, and 0.25 pm
film thickness). An n-alkane mixture (Cg—C,y) was
used as an external standard for linear calibration, and
helium was used as a carrier gas.

The analyses for the reviewed sugar dataset from
modern reference samples and the newly generated
sugar dataset from Garba Guracha (B4 sediments
were not studied using sugars) were carried out fol-
lowing the method described by Mekonnen et al.
(2019). Samples were hydrolyzed at 105 °C for four
hours after adding 10 ml of 4 M trifluoroacetic acid
(TFA) and 100 pg of the internal recovery standard
(myo-inositol). The hydrolyzed samples were filtrated
over glass fiber filters, and TFA was removed using a
rotary evaporator. The samples were further purified
over XAD-7 and DOWEX 50WX8 columns. There-
after, the sugars were freeze-dried and derivatized.
Unlike Bittner et al. (2020), who applied methylbo-
ronic acid (MBA) derivatization, we used N-methyl-
2-pyrrolidone (NMP) and N, O-Bis(trimethylsilyl)
trifluoroacetamide (BSTFA) for derivatization fol-
lowing the procedure described by Mekonnen et al.
(2019). This has the advantage that in addition to
arabinose, fucose, and xylose, also fructose, galac-
tose, glucose, mannose, rhamnose, and ribose can be
quantified using subsequent gas chromatograph-flame

ionization detection (GC-FID, Shimadzu, Kyoto,
Japan). Still, glucose was not further considered dur-
ing data evaluation because the partial contribution
of cellulose structures could not be excluded. Simi-
larly, fructose and ribose were not further evaluated
because of their very low concentrations.

Results

n-Alkane contents and patterns of modern plants, top
soils, and sediment samples

The average total n-alkane contents are 1764, 859,
and 58 ug g~ ! for leaves, O-layers, and Ah-horizons,
respectively, according to the dataset published by
Lemma et al. (2019) (Fig. 2). In the Garba Guracha
and B4 sediments, the average total n-alkane con-
tents are 64 and 177 pg g~ !, respectively, according
to the datasets published by Bittner et al. (2020) and
Mekonnen et al. (2022). All n-alkane patterns reveal
a strong odd-over-even predominance (OEP). The
long-chain n-alkanes C,y, Cs;, and C;; are dominant
in modern samples. While Cj;; is the predominant
n-alkane also in the Garba Guracha sediments, C,; is
predominant in the B4 sediments. In contrast to the
modern samples, the mid-chain n-alkanes C,; and
C,5 are abundantly present in the sediment of B4 and
Garba Guracha (Figs. 2 and 4).

The relative abundances of mid- and long-chain
n-alkanes for all samples are presented in the form of
ternary diagrams in Fig. 3. Accordingly, regarding the
homologues C,y, C;; and Cs;; (Fig. 3a), the modern
samples show a larger variability than the sediments
of Garba Guracha and B4. Still, the mean relative
abundances of these long-chain homologues are quite
congruent. However, when the n-alkane homologue
series <C,; are included in the ternary diagrams, the
congruency of the modern samples with the sedimen-
tary samples disappears. For instance, with regard
to the homologues Cy;, Cyy and C;;, most terrestrial
samples are characterized by relative abundances of
C,;<10%, whereas relative abundances of C,;>10%
are characteristic for the sediments of Garba Guracha
and B4 (Fig. 3b). Similarly, including mid-chain hom-
ologues in the ternary diagrams reveals that the rela-
tive abundances of C,5 and C,; are typically <10%
in most terrestrial samples. By contrast, the relative
abundances of C,5 and C,; are typically > 10% in the

@ Springer

76



Manuscript 3

352 J Paleolimnol (2023) 70:347-360
Fig. 2 Average n-alkane 1600 Mleaves MWO-layers M Ah-horizons
contents and patterns of —_ (modern soil samples)
leaves, O-layers, and Ah- %_
horizons (Lemma et al. g 1200
2019), as well as of the '?
G it B4 '
ar.ba Guracha and :: 300
sediments =
-
c
£ 400
3
0 +—T——r e e = A
w O~ O Sumen w L) o
L I I B | ('] N N
OO0 o0ouUou 8808008080080
n-Alkanes (modern samples)
30 4
T 25 ]
o
E
8 20 A
- 15 4
=
£ 10 ]
£
8 51
0
aNe
89 N 8
o 88080
n-AIkanes (Garba Guracha)
100
i)
-
£
a
o
)
=
-~
c
S
S 20
o
0

sediments of Garba Guracha and B4 (Fig. 3c). Fig-
ure 4 depicts that modern samples (leaves, O-layers,
and Ah-horizons) yielded P,, values typically <0.1,
whereas the Garba Guracha and B4 sediments yielded
P, values typically >0.2.

Sugar contents and patterns of modern plants, top
soils, and sediment samples.

The average sugar contents in the modern samples
range between 0.8 (fucose in topsoils) and 40.7 mg

@ Springer

n-Alkanes (B4)

g~ ! (xylose in leaves), according to the dataset pub-
lished by Mekonnen et al. (2019), whereas for the
Garba Guracha sediment samples, they range between
2.3 (thamnose) and 4.4 mg g~' (galactose) (Fig. 5).
No sugar analyses were carried out for the B4 sedi-
ments. The modern samples are characterized by
a pronounced predominance of xylose, arabinose,
and galactose, and all sugar biomarkers signifi-
cantly decrease from the leaves to the Ah-horizons.
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Fig. 3 Ternary diagrams for the relative abundances (%) of long- and mid-chain n-alkanes in modern leaf and soil samples (Lemma

et al. 2019) versus in Garba Guracha and B4 sediment samples

By contrast, the predominance of xylose, arabinose,
and galactose is by far less pronounced for the Garba
Guracha sediments (Fig. 5).

Figure 6 depicts the relative abundances of the
individual sugar biomarkers. Accordingly, xylose
and galactose are the most abundant hemicellulose-
derived sugar in leaves, followed by arabinose. The
relative abundances of xylose, arabinose, and galac-
tose significantly decrease from leaves over O-layers
to the Ah-horizons (Fig. 6). By contrast, the relative
abundance of mannose substantially increases. The
relative abundances of rhamnose and fucose are very

low in leaves and do not show significant increases
from leaves to the Ah-horizons (Fig. 6).

Galactose is the predominant sugar biomarker in
the Garba Guracha sediments, followed by xylose,
fucose, arabinose, mannose, and rhamnose. The rela-
tive abundances of fucose and rhamnose are signifi-
cantly higher in the Garba Guracha sediments than
in the modern samples (Fig. 6). Therefore, we calcu-
lated the ratio (fuc+rham)/(ara+xyl) as a proxy for
organic matter source identification. Our compari-
son reveals significantly higher values for the Garba
Guracha sediments than for the modern samples
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Fig. 4 Comparison of the

P, ratios yielded for leaves 0.6 1
(n=25), O-layers (n=15),

Ah-horizons (n=23) versus

sediments from B4 (n=34)

(Mekonnen et al. 2022) and

Garba Guracha (n=88)

(Bittner et al. 2020). The 0.4 1
notched box plots indicate
the median (solid lines
between the boxes) and
interquartile range (IQR)
with upper (75%) and
lower (25%) quartiles. The 0.21
notches display the 95%

confidence interval of the

median. The lines extending

outside the box (whiskers)

show variability outside

the quartiles. The circles 0.01

Paq

—_— = =

represent outliers v
p Plant

(Fig. 7). The sediments are typically characterized
by (fuc+rham)/(ara+xyl) ratios>0.75, whereas the
modern leaf and soil samples are typically character-
ized by ratios <0.75.

Discussion

Terrestrial versus aquatic source identification of the
sedimentary n-alkanes

The dominance of long-chain n-alkanes in modern
samples from the Sanetti Plateau is consistent with
several studies reporting the dominance of long-chain
n-alkanes in leaves and modern soils (Eglinton and
Hamilton 1967; Bush and Mclnerney 2013). The low
n-alkane contents in modern soils can be explained by
dilution with minerogenic soil components as well as
by degradation (Zech et al. 2011; Schifer et al. 2016).
The average total n-alkane content is higher in B4
than in Garba Guracha, likely due to high n-alkane
preservation in the lower section of the profile.

As shown in Fig. 3a using a ternary diagram, the
relative contributions of the sedimentary n-alkane
homologues Cyy, C;; and Cs; are well concordant
with the modern leaves, O-layer, and Ah-topsoil sam-
ples. Albeit this is no prove, it indicates that these
sedimentary long-chain n-alkanes are likely primar-
ily of terrestrial (allochthonous) origin. By contrast,
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(modern soil samples)

Ah-horizons GG B4

the concordance in the ternary diagrams of Fig. 3 is
lost when including the n-alkane homologues C,;,
C,s. and Cy;. This suggests that these sedimentary
n-alkanes are not of pure terrestrial origin but at
least partly originate from a different source. Indeed,
Ficken et al. (2000) reported on aquatic macrophytes
producing such homologues and proposed the P,
ratio (Cy3+Cys)/(Cp3+Cy5+Cyo+Cy) as a proxy
to identify the sedimentary input of submerged or
floating aquatic macrophytes. According to Ficken
et al. (2000), Py values <0.1 are characteristic for
terrestrial plants, whereas values between 0.1 and 1
are characteristic for emergent and submerged mac-
rophytes. This boundary is also well suited for distin-
guishing our modern reference (terrestrial) and sedi-
ment samples (Fig. 4) and, at the same time, strongly
suggests that the sedimentary n-alkane homologues
C,; and C,5 in Garba Guracha and B4 are mainly
aquatic-derived.

While Bittner et al. (2020) stated that an unam-
biguous terrestrial versus aquatic source identifica-
tion of the n-alkane record of Garba Guracha seems
challenging at the current state of research, the results
and the interpretation of our comparative approach
are well in agreement with other studies reporting
on short- and mid-chain n-alkane production by sub-
merged and floating plants, algae, and bacteria (e.g.
Aichner et al. 2010; Cranwell et al. 1987; Liu and Liu
2016).
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Fig. 5 Average contents
of the sugar biomarkers
xylose, arabinose, rham-
nose, fucose, mannose,
and galactose in leaves,
O-layers, Ah-horizons
(Mekonnen et al. 2019)
and the Garba Guracha
sediments
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Fig. 6 Relative abundances of sugar biomarkers in leaves range (IQR) with upper (75%) and lower (25%) quartiles. The
(n=25), O-layers (n=15), Ah-horizons (n=23) and the Garba notches display the 95% confidence interval of the median. The
Guracha sediments (n=69). The notched box plots indicate lines extending outside the box (whiskers) show variability
the median (solid lines between the boxes) and interquartile outside the quartiles. The circles represent outliers
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Fig. 7 The ratio 1.5
(fuc+rham)/(ara+xyl) in
leaves (n=25), O-layers
(n=15), Ah-horizons
(n=23), and the Garba
Guracha sediments (n=69).
The notched box plots
indicate the median (solid
lines between the boxes)
and interquartile range
(IQR) with upper (75%) and
lower (25%) quartiles. The
notches display the 95%
confidence interval of the

(0X6)

1.04
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(Fuc+Rham)/(Ara+Xyl)

O

median. The lines extending

outside the box (whiskers)

show variability outside

the quartiles. The circles 0.04

8

represent outliers Leaves

Still, it is noteworthy that the interpretation of the
sedimentary long-chain homologues in terms of pri-
marily terrestrial input is not completely unambigu-
ous. According to Lichtfouse et al. (1994), Dennis
and Kolattukudy (1991), Metzger and Largeau (2005)
and He et al. (2018), Botryococcus braunii, a green
algae commonly found in tropical freshwater lakes
(Jankovska and Komarek 2000), is characterized by
an abundant production of the long-chain n-alka-
dienes C,;, C,g, and C;;. A diagenetic reduction is
suggested as an important source of sedimentary
n-alkanes. Indeed, Umer et al. (2007) found abundant
Botryococcus pollen in the Garba Guracha sediments.
Similarly, pollen results from the B4 sediments show
high amounts of Botryococcus, especially at the bot-
tom of the profile (Mekonnen et al. 2022). Therefore,
Botryococcus may not be excluded from having also
contributed to the long-chain n-alkanes of the sedi-
mentary archives of the Bale Mountains. According
to published data, the ambiguity in the interpretation
of sedimentary long-chain n-alkanes can be alleviated
by compound specific 13C values of the n-alkanes
and through the application of isotopic mixing mod-
els (Aichner et al., 2010; Gao et al., 2011; Liu et al.,
2015; Andrae et al., 2020; Yang and Bowen, 2022).
Andrae et al. (2020) for instance have shown that in
their case study from Australia aquatic macrophyte
input significantly influenced the 513C isotopic com-
position of the long-chain n-alkanes C27 and C29.
This finding together with our own results shown
in Figs. 2 and 3b suggests that the C27 n-alkane
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(modern soil samples)

homologue in the Garba Guracha and B4 sediments
are the results of mixing terrestrial and aquatic
sources. While bulk §13C values for Garba Guracha
(ranging between -22.7 and -13.9 %o0) and B4 (aver-
age ~ 14 %o) clearly indicate that bulk sedimentary
organic matter is strongly influenced by aquatic input,
compound-specific 813C analyses were only real-
ized on two selected samples from B4 for the most
abundant long-chain n-alkanes C27, C29 and C31
(Mekonnen et al., 2022). The obtained 513Cn-alkane
values range from -22.1 to -29.8%o and hence reflect
an isotopic mixing of aquatic and terrestrial sources
for these long-chain n-alkanes.

Last but not least, apart from “terrestrial” versus
“aquatic” input, a “microbial” input should not be
completely overlooked. Several studies have high-
lighted that soil micro-organisms (as well as likely
sedimentary micro-organisms) do not only degrade
organic matter, including n-alkanes, but are also able
to contribute to the built-up of a microbial short-,
mid-, and even long-chain n-alkane pool in soils and
sediments (Jones 1969; Nguyen Tu et al. 2011; Zech
et al. 2011; Brittingham et al. 2017; Li et al. 2018).

Terrestrial versus aquatic source identification of the
sedimentary sugar biomarkers

As presented above, the leaf samples from the San-
etti Plateau are characterized by high abundances of
xylose and arabinose. This is in agreement with lit-
erature reporting on the high production of these
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sugar biomarkers by vascular plants (Oades 1984;
Jia et al. 2008; Hepp et al. 2016). Similarly, the high
abundance of galactose in the terrestrial reference
dataset of Mekonnen et al. (2019) is well explica-
ble with dominant vegetation such as Erica, Alche-
milla, and Lobelia (Schidel et al. 2010; Gunina and
Kuzyakov 2015). The significant decrease of most
sugars from leaves to soils can be attributed to dilu-
tion with minerogenic soil components as well as to
degradation (Hedges et al. 1985; Jia et al. 2008). For
instance, Jia et al. (2008) and Hernes et al. (1996)
reported on the labile nature of arabinose and glu-
cose, whereas fucose, rhamnose, xylose, and mannose
were described as more refractory. In the terrestrial
reference dataset of Mekonnen et al. (2019), man-
nose is the only sugar substantially increasing with
regard to its relative contribution in soils. This likely
reflects the soil microbial build-up of this sugar bio-
marker. Indeed, Oades (1984) and Murayama (1984)
reported on the substantial synthesis of mannose by
soil microbial populations. The dataset of Mekonnen
et al. (2019) does not show a significant increase in
the relative abundances of rhamnose and fucose from
the leaf to the soil samples. This contrasts with stud-
ies showing such an increase during soil degradation
(Murayama 1984; Oades 1984).

Given the high terrestrial production of xylose and
arabinose (Fig. 5), we suggest that their predomi-
nance in the Garba Guracha sediments reflects an at
least partly terrestrial input. The relatively high abun-
dances of galactose and mannose in the Garba Gura-
cha sediments might be attributed to contributions by
both soil and aquatic micro-organisms. According to
Oades (1984), the ratio (G+M)/(A+X) can serve
as a proxy to differentiate between plant-derived and
microbial-derived sugars in soils. However, because
galactose and mannose are produced by both soil
and aquatic bacteria, their use for identifying terres-
trial versus aquatic input is challenging. The results
of our comparative approach show that the relative
contributions of rhamnose and fucose are signifi-
cantly higher in sediments compared to the terrestrial
reference samples of Mekonnen et al. (2019) (Fig. 6).
Rhamnose and fucose are reported to occur in sub-
merged aquatic plants (Jia et al. 2008). Furthermore,
organic matter decomposition in sediments can lead
to the in situ microbial synthesis of fucose and rham-
nose (Marchand et al. 2005). Last but not least, also
Hepp et al. (2016) reported that fucose is abundantly

produced by algae and zooplankton, whereas xylose
and arabinose strongly predominate in terrestrial
plants and soils. This different behavior of the here
discussed specific sugar biomarkers results in the
ratio of (fuc+rham)/(ara+xyl) clearly allowing to
distinguish between modern terrestrial reference
samples of Mekonnen et al. (2019) and Garba Gura-
cha sediments (Fig. 7). This finding suggests that the
ratio (fuc +rham)/(ara+xyl) is a promising proxy for
terrestrial versus aquatic source identification, also
beyond our case study.

Conclusions

In this study, we aimed to identify the terrestrial
versus aquatic sources of partly published n-alkane
and sugar biomarker datasets from two afro-alpine
sedimentary archives in the Bale Mountains of
Ethiopia. We compared the Late Glacial and Holo-
cene sedimentary biomarker patterns with those of
published modern plants and soils serving as terres-
trial reference samples. Our comparative approach
shows that long-chain n-alkanes predominate in
both the modern and sediment samples. Ternary
diagrams reveal that there is a high concordance
of the sedimentary C,q, C;;, and C;; patterns with
those of the terrestrial samples, whereas C,;, Css,
and C,; occur at strikingly higher relative abun-
dances in the sediments. This strongly indicates
that the latter are produced by aquatic macrophytes
and micro-organisms. The P,  ratio (C,3+Cys)/
(Cp3+Cys+Cy + Cy)) reveals a significant dif-
ference between modern plant and soil samples
and the sediments. Regarding the sugar biomark-
ers, unambiguous terrestrial versus aquatic source
identification of arabinose and xylose in the sedi-
ments is challenging. By contrast, the much higher
relative abundances of rhamnose and fucose in the
sediments compared to modern plants and soils cor-
roborate that they are mainly produced by aquatic
macrophytes and micro-organisms. Therefore, we
propose that the ratio (fuc+rham)/(ara+xyl) is a
valuable sugar biomarker proxy for distinguishing
aquatic versus terrestrial origin. The last conclusion
that can be drawn from our comparative approach is
that no unambiguous source identification is possi-
ble for sedimentary galactose and mannose.
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Abstract

Low-altitude lakes in eastern Africa have long been investigated and have provided valuable information about the
Late Quaternary paleohydrological evolution, such as the African Humid Period. However, records often suffer from
poor age control, resolution, and/or ambiguous proxy interpretation, and only little focus has been put on high-
altitude regions despite their sensitivity to global, regional, and local climate change phenomena. Here we report on
Last Glacial environmental fluctuations at about 4000 m asl on the Sanetti Plateau in the Bale Mountains (SE Ethiopia),
based on biogeochemical and palynological analyses of laminated lacustrine sediments. After deglaciation at about
18 cal kyr BP, a steppe-like herb-rich grassland with maximum Chenopodiaceae/Amaranthaceae and Plantago existed.
Between 16.6 and 15.7 cal kyr BP, conditions were dry with a desiccation layer at~16.3 cal kyr BF, documenting a
temporary phase of maximum aridity on the plateau. While that local event lasted for only a few decades, concentra-
tions of various elements (e.g. Zr, HF, Nb, Nd, and Na) started to increase and reached a maximum at ~15.8-15.7 cal kyr
BP. We interpret those elements to reflect allochthonous, aeolian dust input via dry northerly winds and increasingly
arid conditions in the lowlands. We suggest an abrupt versus delayed response at high and low altitudes, respectively,
in response to Northern Hemispheric cooling events (the Heinrich Event 1). The delayed response at low altitudes
might be caused by slow negative vegetation and monsoon feedbacks that make the ecosystem somewhat resilient.
At~15.7 cal kyr BP, our record shows an abrupt onset of the African Humid Period, almost 1000 years before the onset
of the Balling—Allerad warming in the North-Atlantic region, and about 300 years earlier than in the Lake Tana region.
Erica pollen increased significantly between 14.4 and 13.6 cal kyr BP in agreement with periodically wet and regionally
warm conditions. Similarly, intense fire events, documented by increased black carbon, correlate with wet and warm
environmental conditions that promote the growth of Erica shrubs. This allows to conclude that biomass and thus fuel
availability is one important factor controlling fire events in the Bale Mountains.

Keywords: Bale Mountains, High-altitude lacustrine sediments, Heinrich event 1, African humid period, Fire, Erica
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Glacial Maximum (LGM; 23-18 kyr BP) the decrease of
tropical sea surface temperatures resulted in glaciation
on East African Mountains (Mount Kenya, Kilimanjaro,
Ruwenzori, and Ethiopian highlands) (Osmaston et al.
2005; Mark and Osmaston 2008). In addition, the south-
ward shift of the Intertropical convergence zone (ITCZ)
during ice rafting episodes throughout Heinrich event 1
(H1) are considered as a major cause for the dry event in
northern and southeastern Africa around 16-17 cal kyr
BP (Tierney et al. 2008; Marshall et al. 2007; Stager et al.
2011; Mohtadi et al. 2014). During the African humid
period (AHP) maximum northern Hemisphere summer
insolation shifted the rain belt associated with the ITCZ
to the north (Bastian et al. 2021), generating increased
rainfall across Northern Africa which turned the Saharan
desert into green savanna (Gasse 2000). Palaeoclimatic
studies suggest the southward extension of the AHP to
eastern Africa (Tierney et al. 2008; Tierney and DeMeno-
cal 2013; Costa et al. 2014).

Besides, lacustrine sediments (Tiercelin et al. 2008;
Bittner et al. 2020; and many others), tropical glaciers
(Gasse 2000; Thompson et al. 2002), peat bogs (Bonne-
fille and Mohammed 1994; Brown et al. 2007) and marine
sediments (Camuera et al. 2021; Tierney and deMeno-
cal 2013) have been serving as potential archives for the
reconstruction of paleoenvironmental fluctuations in
eastern Africa. However, the regional, topographic, and
climate complexities, together with dating inaccuracy
and lack of unambiguous proxies, lead to differences in
the reconstructed timing of the onset and termination of
major climatic events such as H1 and AHP across sites
(Lamb et al. 2007; Tierney et al. 2011; Costa et al. 2014;
Bastian et al. 2021). Moreover, the impact of these drastic
climatic events on the migration of humans and on veg-
etation dynamics is yet not fully understood.

The highlands of the Bale Mountains in southeastern
Ethiopia are promising sites for studying paleoenviron-
mental fluctuations. Their unique exposition to main
atmospheric circulation systems (SW monsoon, SE
monsoon, NE trades, and NW disturbances) (Miehe and
Miehe 1994; Hillman 1986; Camberlin 2018) contribute
to their climate sensitivity. In addition, the special geo-
morphological features, characterized by high altitudes
up to 4377 m above sea level (asl), by moraines and small
glacial depressions, support the reconstruction of the
landscape evolution (Nicholson 2000). During MIS 3, the
Bale Mountains were one of the most extensively glaci-
ated mountains in Ethiopia (Messerli 1980; Osmaston
et al. 2005; Groos et al. 2021). Groos et al. (2021) sug-
gest that about 265 km? of the Bale Mountains were ice-
covered between 42 to 28 kyr BP, well before the onset
of the global LGM. This caused a temperature decrease
and a downward shift of Afroalpine vegetation. Umer
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et al. (2007) and Ossendorf et al. (2019) suggested that
the glaciers retreated from the Bale Mountains at ~ 15.9—
16.7 cal kyr BP. Geochemical and pollen results from
Lake Garba Guracha, in a north-exposed, deeply incised
trough valley at 3950 m asl, and from peat deposits on
the Sanetti Plateau, inform about Late Pleistocene-
Holocene climate fluctuations (Tiercelin et al. 2008;
Bittner et al. 2020) and respective vegetation changes
(Umer et al. 2007; Kuzmicheva et al. 2013, 2014; Gil-
Romera et al. 2019). These studies suggest that the warm
and humid conditions during the early Holocene led to
the expansion of Erica vegetation on the Sanetti Pla-
teau, and dry climate and natural and/or human-induced
fires might be major causes for the current patches of
Erica on the Plateau. A study by Ossendorf et al., (2019),
revealed human settlements in high elevation (3469 m
asl) already during 47-31 cal kyr BP. Gil-Romera et al.
(2019) reported that fire played a major role in determin-
ing the ecological dynamics of the Erica vegetation on
the Bale Mountains. However, the influence of humans
on the vegetation remains unclear. Open questions are:
(1) Did the high altitudes of the Sanetti Plateau experi-
ence similar climatic fluctuations in intensity and timing
as the lower regions in northern and eastern Africa dur-
ing the Late Glacial? (2) Did the highlands of the Sanetti
Plateau deglaciate at the same time as the north exposed
trough valleys? (3) When and to what degree did Erica
occupy the high altitudes of the Sanetti Plateau, where at
present only patches can be found? (4) Are these patches
of Erica relics documenting climate deterioration or
human-induced fire?

In order to address these questions, and to better
understand the paleoecological evolution of these high
altitudes above the upper timberline, we analysed lami-
nated lake sediments in high resolution, deposited in
a glacial depression on the Plateau in about 4000 m asl
using a multi-proxy approach. The depression has no
noteworthy outflow and its catchment is not densely veg-
etated, thus being highly sensitive to local and regional
environmental fluctuations.

2 Site information and methods/experimental

2.1 Study area

The Bale Mountains covering an area of 2200 km?
include the Sanetti Plateau, which is the largest alpine
ecosystem in Africa (Fig. 1). The area is widely perceived
as natural (Miehe and Miehe 1994; Kidane et al. 2012).
The Plateau (Fig. 1) extends between ca. 3800 to 4100 m
asl, surrounded by the peaks of Tullu Konteh (4050 m
asl) and Tullu Dimtu (4377 m asl), the second-highest
peak of the country (Hillman 1988; Messerli and Wini-
ger 1992). Erratic boulders, moraines, small lakes present
on the plateau and in trough valleys are clear indicators
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Fig. 1 Location map of the study area. A Location of Ethiopia in Africa and regional location of the Bale Mountains National Park (BMNP) and Lake
Tana. B Location of B4 depression on the Sanetti Plateau and location of Lake Garba Guracha. € Photo of B4 depression

40°11'0"E

of former glaciations (Osmaston et al. 2005). The par-
ent rocks comprise Oligo-Miocene basalts and Quater-
nary rhyolites with trachytes, which weather to brown or
brownish-black silty loams (Billi 2015). Muddy Gleysols
are developed in depressions (Yimer et al. 2006).

Due to the annual migration of the ITCZ between 10°
North and South, the climate of the Bale Mountains is
characterized by a pronounced rainfall seasonality with a
short dry (November to February) and a long rainy sea-
son (March to October) (Levin et al. 2009; Costa et al.
2014). The rainfall pattern is bimodal, with a peak from
July to October, followed by a second peak from March
to June (Kidane et al. 2012). The rain-bearing air masses
derive from the Indian Ocean and the Atlantic Ocean
via the Congo Basin (Gasse 2000; Tierney et al. 2011;
Costa et al. 2014; Lemma et al. 2020), whereas north-
erly winds dominate during the dry season. In Dinsho
(3170 m asl), the mean maximum temperature is 11.8 °C
while the mean minimum temperature ranges from 0.6 to
10 °C, with frequent frost occurring in the high moun-
tain areas during winter season (November to January)
(Hillman 1986; Tiercelin et al. 2008). The highest pre-
cipitation and humidity occurs in the southern part of
the mountains with 1000-1500 mm/a, while the north-
ern part exhibits annual rainfall ranging between 800 and
1000 mm/a (Miehe and Miehe 1994; Umer et al. 2007).

The south to north rainfall gradient and the altitudi-
nal temperature gradient stratify the vegetation into the
Afromontane forest, the Ericaceous belt, and Afroalpine
zone (Hedberg 1951; Friis 1986). The Afromontane for-
est spans from~ 1450 to 3200 m asl in southern expo-
sition, and from~2800 to 3300 m asl along northern
slopes. The southern declivity comprises Podocarpus gra-
cilior associated with Syzygium guineense and Aningeria

adolfi-friederici, whereas the northern slopes are mainly
dominated by Junmiperus procera, Hagenia abyssinica,
and Hypericum revolutum (Friis 1986; Bussmann 1997).
The Ericaceous belt covers ~90,000 ha between ca. 3200
and 3800 m asl and is dominated by Erica arborea L. and
Erica trimera (Engl) (Hailemariam et al. 2016). While
the lower boundary of the Ericaceous belt (3300-3500 m
asl) is covered with Erica-dominated Hagenia-Hypericum
forests, the central part comprises monotonous Erica
trimera stands, which continues to the upper limit (ca.
3800 m asl) of the boundary. The Afroalpine vegetation
above 3800 m asl is open and rich in Tussock grasses
and mainly dominated by Helichrysum splendidum-
Alchemilla haumannii dwarf-scrubs and Giant Lobelia
(L. rhynchopetalum) (Yineger et al. 2008), accompanied
by patches of Erica, growing between big boulders along
steep slopes (Miehe and Miehe 1994).

2.2 Sampling

We investigated a depression, located in an extended
plain on the Sanetti Plateau, above the upper limit of
the Erica belt at 3970 m asl (Fig. 1; 6° 53.3433’ S and
39° 54.5217' E). A pit was dug down to the glacial boul-
ders in a depth of 255 c¢cm to prepare a profile named
“B4” (Fig. 2). Subsequently, sediments were described
(color, texture, structure, ect.) and sampled every 2 cm
from 55 to 255 cm, representing humic-rich lacustrine,
partly laminated material, and every 5 to 10 cm from the
brownish upper part, rich in reddish mottles. Samples
were air-dried and stored in plastic bags. In addition, 10
sediment samples were collected from the pit for radio-
carbon dating. The air-dried samples were analyzed for
elemental and mineral compositions, electrical conduc-
tivity (EC), pH (H,O), stable C isotopes, alkanes, pollen,
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Fig. 2 Stratigraphy and photo of the studied profile. A Photo of the B4 profile; the red pocketknife (10 cm) serves as scale. B Stratigraphy of the
sediments in profile B4, divided in units 1-3, based on morphological features and calibrated radiocarbon ages (see Fig. 3; Table 1; YD =Younger
Dryas, H1 =Heinrich Event 1)

and black carbon (BC). Plant leaves (Alchemilla sp., Heli-
chrysum sp., Pennisetum sp., Potamogeton thunbergii,
and Ranunculus trichophyllus) and algae (Pediastrum sp.)
were collected from the surrounding area to compare the
stable isotopes composition of the sediment organic mat-
ter with its potential parent material.

2.3 Radiocarbon analysis

For the establishment of a reliable chronology, radiocar-
bon dates were obtained by dating alkali-soluble organic
matter extracted from carbonate-free bulk samples using
accelerated mass spectrometry (AMS) in the Radiocar-
bon Laboratory of the University Erlangen, Germany
(Table 1). We established a Bayesian age-depth model
using the IntCall3 calibration curve implemented in the
package Bacon (Blaauw and Christen 2011) in R software
(R Core Team 2013).

2.4 Sediment analyses

2.4.1 Physical properties

Texture analyses were performed quantitatively in the
laboratory on 52 air-dried and 2 mm sieved samples. Clay
(<6.3 pm) and silt (6.3—-63 um) fractions were quantified
with a Mastersizer S (Malvern Instruments) after treat-
ing the samples with H,0, and HCl. The sand fraction

(63—2000 um) was determined by wet sieving. We are
aware that the fraction<6.3 pm used in this study does
not quantitatively correspond to the clay fraction defined
by the pipette method as the fraction <2 pum is underesti-
mated by the Mastersizer (Antoine et al. 2009).

2.4.2 Inorganic geochemistry

For X-Ray Fluorescence (XRF) analyses, ground aliquots
of 103 samples were dried at 105 °C. Major and minor
elemental composition was determined using a Philips
2404 X-Ray Fluorescence Spectrometer. Given that the
samples were carbonate-free, results were corrected
for soil organic matter and water contents according to
Eq. (1)

100
100 — %GV1000 — %H20
1)
X is the content of an element in percent and %GV, is
the mass loss upon ignition at 1000 °C.
In order to evaluate the intensity of chemical weather-
ing, the chemical proxy of alteration (CPA) was calcu-
lated according to Buggle et al. (2011) (Eq. 2).

0 — 0
%Xcorrected = %Xmeasured X
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Table 1 Radiocarbon ages using Accelerated Mass Spectrometry of alkali soluble organic matter; calibrated according to Blaauw and
Christen (2011)

Lab number Sample depth Dated material “C age (uncalibrated ~ Cal. (INTCAL13,2Sigma 'C age (calibrated,
(cm) aBP) ranges) median cal year BP)
Erl-5563 27 Bulk sediment 4650+£55 5078-5532 5396
Erl-5564 40 Bulk sediment 771872 8225-8678 8481
Erl-5173 63 Bulk sediment 9047 £108 9603-10,472 10,052
Erl-5092 72 Bulk sediment 11,856 +86 13,436-13,969 13,667
Erl-5175 101 Bulk sediment 12,696 +96 14,372-15,241 14,876
Erl-5173 123 Bulk sediment 13,2144+95 15,155-15,867 15518
Erl-5093 160 Bulk sediment 13,525+106 15,979-16,568 16,276
Erl-5172 207 Bulk sediment 14,0944+119 16,916-17,458 17,193
Erl-5565 233 Bulk sediment 14,485+81 17,472-17,958 17,701
Erl-5568 255 Bulk sediment 14,681+92 17,879-18,653 18,173
Al,O3 the n-alkane ratio Paq (Cy3 + Cy5)/ (Cy3 + Cys + Cyo +
CPA = [ Al O3 + NaZO} x 100 (2) C;,) to identify the source of organic matter. HI was ana-

Qualitative mineral identification was carried out on bulk
samples (n=100) using X-ray diffraction. The powdered
samples were packed into aluminum sample holders
and scanned in a Philips PW 1710 diffractometer from
3 to 80°2° with Cu Ka radiation generated at 50 kV and
30 mA, at 0.02°20 step size and 2.5 s step time. Phases
identified in the samples are quartz, feldspar, pyroxene
(probably mainly augite), clay minerals, hematite, pyrite,
gypsum, and amorphous silica. No special clay mineral
analysis was performed, yet characteristic peaks of clay
minerals between ~6-12.5 and ~60-62°2% show a wide
range of clay minerals, including smectite, chlorite, illite,
kaolinite and mixed-layer minerals.

2.4.3 Organic geochemistry

Total organic carbon (TOC) and total nitrogen (N) of
homogenized samples (n=103) were quantified by dry
combustion on a Vario EL elemental analyser (Elemen-
tar, Langenselbold, Germany). In order to complement
the organic matter source identification and preservation
status, n-alkanes and hydrogen index (HI) were analysed
in 34 samples (Talbot and Livingstone 1989). n-Alkanes
were extracted by soxhlet extraction using dichlorometh-
ane (DCM) and methanol (1:1) as solvents for 24 h (Zech
and Glaser 2008). After adding 50 pl of 5a androstane as
an internal standard, the excess solvent was removed by
rotary evaporation and transferred to aminopropyl col-
umns. Subsequently, #-alkanes were eluted with 3 ml of
hexane DCM/MeOH (1:1). Finally, n-alkanes were quan-
tified using gas chromatography (SHIMADZU, GC-2010,
Kyoto Japan) equipped with an SPB-5 columns of 30 m
length, 0.25 mm ID, 0.25 um film thickness, and detected
using a flame ionization detector (FID). Here, we used

lysed by pyrolysis of dried (40 °C) and fine powdered bulk
sediments (Talbot and Livingstone 1989).

We measured the natural abundance of 8'*C (n=101)
by dry combustion of a 40 mg homogenized aliquot with
a Fision 1108 elemental analyser coupled to a Delta S
gas isotope ratio mass spectrometer (EL-IRMS) with a
Conflow III interface (Thermo Finnigan MAT, Bremen,
Germany). Sucrose (ANU, IAEA, Vienna, Austria) and
CaCO5 (NBS 19, TS limestone) were used as calibra-
tion standards for §'3C. The precision of §'>C measure-
ment was 0.2%o. In addition to bulk stable isotopes, we
measured compound-specific carbon isotopes (5'°C)
of long chain terrestrial n-alkanes C,,, C,y and Cs; to
complement on the paleovegetation reconstruction (C3
vs C4). Compound-specific §*C analyses of long chain
n-alkanes (C,,;, C,9 and Cs;) were carried out and meas-
ured as described above.

Black carbon (BC) refers to polycondensed aromatic
moieties formed during thermochemical combustion.
While charcoal is usually detected visually using a micro-
scope, BC is usually detected through chemical extrac-
tion, which enables to quantify the complex signature of
pyrogenic carbon more precisely, especially when char-
coal is not visible anymore. Thus, BC allows the recon-
struction of fire events even if soot or char are not visible.
Moreover, its polycyclic aromatic structure resists chemi-
cal and biological degradation in soil (Glaser et al. 1998;
Wang and Li 2007; Wiedemeier et al. 2015) and persists
for a long period of time in soil and sediments (Kuzya-
kov et al. 2014). We analysed BC (n="72) using benzene
polycarboxylic acids (BPCAs) as molecular markers fol-
lowing Glaser et al. (1998) and modified according to
Brodowski et al. (2005). Five hundred mg of each sample
was hydrolyzed with 10 ml 4 M TFA for 4 h at 105 °C.
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The hydrolyzed samples were filtrated on glass fiber fil-
ters and rinsed several times with de-ionized water to
remove polyvalent cations. Subsequently, the samples
were digested with 65% nitric acid for 8 h at 170 °C in
a high-pressure digestion apparatus. The solution was
passed through Dowex 50 W resin columns (200 to 400
meshes) to remove polyvalent cations. After derivatiza-
tion, BPCAs were separated using GC and detected using
FID with an injection temperature of 300 °C.

2.4.4 Palynomorph analysis

For palynological analyses, samples of 1 ml were pre-
pared using standard procedures, including Lycopodium
spores as exotic markers, acetolysis, HF treatment, and
ultrasonic sieving (5 pm), and storage in glycerol (Stock-
marr 1971). Microscopic analyses took place under
400 x magnifications, backed by oil immersion (1250 x).
For pollen identification, we used an existing reference
collection of ~5000 slides (in Goettingen) and relevant
literature (Gosling et al. 2013; Schiiler and Hemp 2016).
The nomenclature of the common types follows Beug
(2004). Detailed analyses were carried out on 38 samples
from the lower part of the profile (251-69 ¢cm) with pol-
len counting sums of about 250 to 300 per sample. Pollen
influx (grains cm ™! a™!) was calculated using exotic Lyco-
podium spore markers. To estimate humidity conditions,
we calculated the A/C (Artemisia/Chenopodiaceae) ratio
(Van Campo and Gasse 1993; Herzschuh 2007; Li et al.
2010) by dividing the number of Artemisia by that of
Chenopodiaceae/Amaranthaceae. Poaceae pollen were
size differentiated between small (<37 pum) and large
(>37 pm) diameter grains. Counts of the larger grains
allow an approximate estimate of C4 grasses, which
produce larger pollen grains than C3 Poaceae (Jan et al.
2015). Diagrams were plotted with the software C2 (Jug-
gins 2007).

3 Results

3.1 Age-depth model and sedimentation rates

B4 profile records sedimentation during the last 18.2 cal
kyr BP. Our age-depth model (Fig. 3) illustrates that
the sedimentation rate was 0.05 and 0.01 cm per year
between 18.2 and 13.6 cal kyr BP and from 10.5 cal kyr
BP to present, respectively. Between 13.6 and 10.5 cal kyr
BP, a sedimentation hiatus is indicated.

3.2 Lithostratigraphy and interpretation

of the depositional environment
The B4 sediments can be stratified into three units
(Fig. 2). The lowermost unit 1 from 255 to 175 cm (18.2—
16.6 cal kyr BP) is a dark-grey, laminated, silty clay with
low sand content. It was deposited above a thin greyish
sandy silt layer and basalt boulders. Unit 2, from 175 to
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71 cm depth, is a grey, partly laminated silty clay, depos-
ited between 16.6—13.6 cal kyr BP. A stiff sandy-silty light
layer, preserved between 167 and 160 cm, likely docu-
ments intensive desiccation of the B4 depression at about
16.3 cal kyr BP. From 120 t0110 cm (~15.4-15.2 cal kyr
BP) plant root relics occur displaying swampy, shallow-
water conditions. The upper lithostratigraphic unit 3 is
about 70 cm thick, deposited during the last 10 cal kyr BP.
It comprises light brown, weakly clayey, sandy silt with
red mottles and bleached aggregate surfaces, showing
water-logging during the rainy season. Unit 3 is strongly
influenced by gleysation, which makes paleoenvironmen-
tal interpretations and regional comparisons ambiguous.
Therefore, in the following, we present geochemical and
palynological results only from units 1 and 2 in detail.

3.3 Grain size and geochemical results

3.3.1 Unit 1:255-175 cm (18.2-16.6 cal kyr BP)

According to Fig. 4 and Additional file 1, clay and silt
contents are high (partly up to 60% and 40%, respec-
tively) and weakly fluctuating, whereas the sand contents
are very low. TOC values, being low at the bottom of the
core, constantly increase from~0.7 to~7% in 239 cm;
then high values (~7%) persist until the top of unit 1.
Low TOC/N values at the bottom of the profile increase
to an average value <12 (Fig. 4). HI values range between
107 and 266, with low values at the bottom of the profile.

Our results show an average §'°C value of — 14.3%o
with a slight decrease from the bottom to the top of
unit 1. Analyses of water plants (Potamogeton thun-
bergii, Ranunculus trichophyllus) and algae (Pedias-
trum), sampled from nearby shallow lakes, resulted
in 8'3C values of — 18.6, — 15.5, and — 17.3%o, respec-
tively. Modern terrestrial plants growing around the B4
depression are characterized by 8'C values between
— 30.1%o (Helichrysum argyaranthum) and — 26.9%o
(Alchemilla fischeri). Compound-specific analysis of long
chain #n-alkanes C,,, Cy, and Cs, revealed 8'C values
of — 27, — 25.6, and — 25.1%o, respectively. Paq values
increase from 0.27 at 244.5 cm to 0.44 at 175 cm. Despite
high value at the bottom of the profile, BC values were
very low in this unit (around 10 g kg~* TOC) increas-
ing between 195 and 175 cm (~ 16.9-16.6 cal kyr BP) to
around 30 g kg™! TOC.

Lithogenic elements such as Zr, Hf, Nb, and Na,O show
minimum values except for a slight increase at 210 cm
and~190 cm (~17.2 and~17.0 cal kyr BP) (Fig. 5).
Besides primary minerals such as quartz, feldspar, and
pyroxene, unit 1 sediments contain traces of pyrite and
gypsum. CPA values do not show fluctuation except a
slight decrease at 17.2 and ~ 16.9 cal kyr BP.
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3.3.2 Unit2:175-71cm (16.6-13.6 cal kyr BP)
Unit 2 starts at 175 cm depth with slightly increasing
values of the lithogenic proxies (Fig. 5). Most striking
is a pronounced sand maximum and a TOC minimum
in~160 cm, corresponding to~16.3 cal kyr BP (Fig. 4).
Strongly increasing values of the lithogenic compounds
such as Zr, Na,O, K,O, Hf, Nd, and Nb and minimum
CPA values are recorded between 160 and 135 cm
(Fig. 5). Noteworthy is that these elements do not show
the drastic excursion of TOC and sand in ~ 160 cm depth.
Moreover, strong positive correlations (R=~0.8-0.9;
Additional file 2) are recorded between Na,O, K,O, Zr,
Hf, Nb, and Nd in this unit. This constellation changed
abruptly at~15.7 cal kyr BP, documented by the abrupt
decrease of most lithogenic elements and their ratios.
However, some proxies such as sand content, TOC, HI,
and 8"3C do not show such an abrupt change except Paq
values, which decrease between 140 and 120 cm (Fig. 4).
BC which was partly very low in unit 1, increased
between 15.7 and 15.2 cal kyr BP (Fig. 4). The uppermost
part of unit 2, (deposited between ~ 14.4 and 13.6 cal kyr
BP (90-71 cm) is characterized by a distinct decrease in

TOC, HI, varying sand contents, absence of pyrite, and
higher contents of terrestrial n-alkanes and BC (Fig. 4).

3.4 Palynological results

The pollen record is divided into five local pollen zones
(LPZ 1-5; Figs. 6, 7) based on changes in the pollen
spectra. No pollen was detected in unit 3 due to pedo-
genetic processes that disturbed pollen preservation.
About 75 pollen taxa have been identified in the record.
The green algae Botryococcus and Pediastrum attributed
to the intermittent presence of a water body in the B4
depression, thus their palynological record reflects local
conditions.

Poaceae <37 um dominate the pollen spectra with val-
ues around 35%. Other relatively common non-arboreal
taxa are Artemisia, Chenopodiaceae/Amaranthaceae,
Poaceae >37 um, and Plantago. The sum of arboreal pol-
len (AP) makes up around 15% in LPZ 1-4 (from 250.5 to
90 c¢m; 18.1-14.4 cal kyr BP) and increased to 38% during
LPZ 5 (from 90 to 70 cm; 14.3—13.6 cal kyr BP). The green
algae Botryococcus is most common in the lowest part of
the record. Pediastrum increases with parallel decreases
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Fig. 4 Analytical properties of the B4 sediments, with depth profiles of the sand fraction (63-2000 pm), total organic carbon (TOC), organic
carbon-to-nitrogen ratio (TOC/N), Hydrogen Index (HI), §'3C values, Black Carbon (BC) and Paq. The light orange color shows dryer events while
orange color indicates desiccation layers developed during Heinrich Event 1(H1). Blue color indicates the African Humid Period (AHP) and
other humid episodes while dark green color indicates the event characterized as humid and arid according to pollen and geochemical results,

of Botryococcus. Pollen of modern water plants, Pota-
mogeton thunbergii and Ranunculus trichophyllus are not
present in the fossil pollen record.

LPZ 1 (250.5-204 cm; 18.1-17.2 cal kyr BP) is char-
acterized by Botryococcus maxima, which abruptly
decreases at 17.3 cal kyr BP and is replaced by high
amounts of Pediastrum pollen (Fig. 7). Moreover, high
percentages of Poaceae, herbs (non-arboreal pollen,
NAP), Artemisia, and Chenopodiaceae/Amaranthaceae
are recorded in LPZ1. Plantain (Plantago) has been very
common. Arboreal pollen of Ericaceae, Podocarpus,
Myrica, Juniperus, and Olea are found from the begin-
ning of the archive.

LPZ 2 (204—194 cm; 17.2—16.9 BP) records an increase
in Chenopodiaceae/Amaranthaceae and Plantago and

strongly reduced occurrence of Artemisia and Pedias-
trum. Similarly, pollen percentage and pollen influx of
Hagenia, Podocarpus, Myrica, Juniperus, and Olea show
low values between 17.2 and 16.9 cal kyr BP.

LPZ 3 (194-110 c¢m, 16.9-15.2 cal kyr BP) starts
with a subsequent increase of Podocarpus, Junipe-
rus, and Olea from 194 to 177 cm (16.9-16.6 cal kyr
BP) and a higher presence of Pediastrum. The afro-
alpine element, Alchemilla, which is highly underrep-
resented in the pollen record, is sporadically present
from now on. The influx of Erica, Pediastrum, Hagenia,
and Botryococcus pollen decrease between 165 and
155 cm (16.3 and 16.1 cal kyr BP), while Chenopodi-
aceae/Amaranthaceae pollen increase. Subsequently,
higher Pediastrum values, more frequent fern spores,
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and Sparganium-type are recorded between 155 and
135 cm (16.1 and 15.7 cal kyr BP). A lower occurrence
of Erica pollen and the montane forest tree Hagenia
recorded from 15.4 to 15.2 kyr BP, while absolute values
of montane forest taxa like Podocarpus and Juniperus
increase. By contrast, Pediastrum, Plantago-type, and
Grass pollen influx show high values.

LPZ 4 (110-90 cm, 15.2-14.4 cal kyr BP) records the
most abundant Ericaceae and Podocarpus. Similarly, the
sum of all arboreal pollen (AP) increases but does not
exceed their former values. The same holds true for Arte-
misia. In contrast, the ratio of Chenopodiaceae/Amaran-
thaceae falls as low as never before. In consequence, the
A/C ratio increases strongly.

LPZ 5 (90-71 cm, 14.4-13.6 cal kyr BP) is marked by
a strong expansion of Erica and Podocarpus. The previ-
ously significant elements Chenopodiaceae/Amaran-
thaceae and Plantago disappeared nearly completely,
and Artemisia reduced strongly. Besides Poaceae, a
wide range of Asteraceae (Senecio, Matricaria-type,
Cichorioideae), which was present since the beginning

of the record, became the most important vegetation
constituents.

4 Discussion

4.1 Radiocarbon dating

Our radiocarbon ages show that depression B4 became
ice-free at~18 cal kyr BP and thus records the climate,
vegetation, and fire history from the end of the LGM to
the Late Holocene. The timing of deglaciation (18.2 cal
kyr BP) seems reliable, as the sediments are free of
carbonates.

4.2 Organic geochemistry

Low TOC contents at the bottom of the profile (Fig. 4)
mark cold conditions with low biomass production in,
and around, the lake. TOC/N ratios are used to distin-
guish between terrestrial and aquatic carbon sources.
Organic matter derived from algae usually shows
TOC/N values between 4 and 10, while vascular land
plants and terrestrial soil organic matter may have
TOC/N ratios>20 (Meyers 1994) and ~ 15, respectively

95



Manuscript 4

Mekonnen et al. Progress in Earth and Planetary Science (2022) 9:14

Page 10 of 19

trees and shrubs (AP) grasses and herbs (NAP)
‘a
<
montane forests z
—~ = ~
e < 3 . 3S
o
g 5 b= 2 P §§ o ° 8 o
_ %3 g 3 & < g8 S s g _=3 8
E X o E 2 5 ° > < ° S< 5 FSES T s 3
L 5 § 2o o £ s 3 ] 2 8T S o Z 58 5% g8
e 5 § 3 8 8 & S < 3 3 £ [ e s S 3828 % s 2 5
s £ 5 s L S o g 2g € £ 5§ 25 338N
2 o € 2 253 559253 § 3 3 2 €] SE & ] 35 5582 %a
o O < u I fa ] oaz o a < < < o nEFZ=2Z0 O0<XkrFOJ
- T G e Va ;'_“i“_“_“ P, P o P e P
804 14 < r ’ ( 5
145
{ s
1004 15
— [
i‘ b
155 k > ( g
----- AHP
1504 16 {[ 3
”””””” H1
165 )‘i 7
2009 17 CL
a 2
175 ‘ < 1
2504 18 /[ k(
— e e e
20 5 5 5 5 5 5 5 5
Pollen percentage
Fig. 6 Percentage diagram of selected pollen taxa referring to the counting sum of pollen grains of a sample and fivefold exaggeration

and herbs (NAP) ter, al

trees and shrubs (AP)

’7 montane forests *‘

[ Non Arboreal Pollen (NAP)
[ Poaceae
Poaceae >37um

E uniperus
[ Pistacia

[ Men
r Olea

T Hypericum
ﬁ Podocarpus

E Hagenia

Fnca

Age (kyr BP)
E Arboreal Pollen (AP)

Depth (cm)

Amaranthaceae
Plantago-type
Senecio-type
Rumex-type

T Sparganium-type
Pediastrum

Artemisia
 Thalictrum

T Alchemilla

T Tribulus

E Cyperaceae

=

o

F
e e e
20 40 50 100 20 0 20 60 1200

T
8 160 240 20 40 60 20 40

Pollen influx (grains cm-1a )

Fig. 7 Pollen influx diagram of selected taxa and algae from B4 depression, showing pollen accumulation rate in grains cm™" year™

>

| .

T
15000 30000 1000 2000

P P e e e
2040 20 20 20 20 40

T
6 120 20 40

1

(Mekonnen et al. 2019). However, the use of TOC/N
ratios as organic matter source indicators is highly con-
strained by degradation and mineralization, which results
in low TOC/N values. TOC/N values of the B4 depres-
sion range between 3.5 and 12.3, suggesting mainly pri-
mary lacustrine biomass production. According to Ficken
et al. (2000), Paq values, between 0.4 and 1 characterize
submerged and floating aquatic plants, while terrestrial
plants yield values lower than 0.1. Indeed, average HI val-
ues of ~250, together with elevated Paq values support
the interpretation that mainly lacustrine primary bio-
mass was produced under medium to high water levels,

generating anoxic conditions in B4 depression. TOC
values substantially decrease at 160 cm (16.3 cal kyr BP)
accompanied by sand maxima. This likely documents an
extremely low stand of the water table and the develop-
ment of a desiccation surface. Increased sand input from
the depression margins may take place because of tem-
porary heavy rains during dry phases when the sparse
vegetation cover protected less against erosion. Decreas-
ing Paq values between 140 and 120 cm shows higher
terrestrial input, likely due to higher rainfall intensities
and accelerated erosion at the margins of the depres-
sion. Nevertheless, water levels dropped again already
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at~15.4 cal kyr BP as evidenced by the formation of a
swamp around 15.4-15.2 cal kyr BP (120-110 cm; Fig. 4).
Decreasing TOC and HI values and absence of pyrite in
sediments deposited between 14.4 and 13.6 cal kyr BP
indicate accelerated local desiccation, likely correlated
with periodic sediment input. Varying sand contents
suggest that humid and dry phases alternated, leading to
deflation of small particles and organic matter, leaving
behind sand in the depression. Intensive deflation and
complete desiccation are likely responsible for the hiatus
at 70 cm depth (13.6-10.2 kyr BP), coinciding with the
transition from Late Glacial to Holocene.

Stable C isotopes are frequently used in paleovegeta-
tion reconstructions due to their potential in discern-
ing between C3 and C4 plants (Eshetu 2002; Glaser and
Zech 2005). Our bulk §*C values and those of long-chain
n-alkanes show average values of —14.3%o and —25.9%o,
respectively. This might show C4 vegetation (Ficken et al.
2002; Glaser and Zech 2005) growing at the margin of
the depression under relatively dry conditions during
the Late Glacial. However, methanogenesis, assimilation
of 3C-enriched CO, and HCO,~ by water plants due to
long-lasting ice cover, especially during the early Late
Glacial, and the low CO, concentration in the atmos-
phere (Monnin et al. 2001) might have contributed to
such positive 813C values (Conrad et al. 2007). In con-
trast, modern plants from the surroundings of the lake
show values indicating C3 vegetation. This result agrees
with a study of Mekonnen et al. (2019), reporting that the
modern vegetation in high altitudes of the Bale Moun-
tains comprises only C3 plants.

BC produced by incomplete combustion of plant bio-
mass is ubiquitous in lake sediments and glaciers (Glaser
1998). The weak BC maximum in the lowermost samples
(~250 c¢cm) presumably reflects BC storage in glacier ice
during the LGM, originating from atmospheric input. In
contrast, high BC between 16.9 and 16.6 cal kyr BP and
between 15.7 and 14.4 cal kyr BP provides evidence for
frequent fire events, likely due to increased amounts of
combustible biomass under regionally wetter than under
dry conditions.

4.3 Inorganic geochemistry

After deglaciation, the period between 18.1 and 16.6 cal
kyr BP started with the accumulation of electrolyte-
poor melting water in depression B4 (see EC in Addi-
tional file 1). The presence of pyrite at the bottom of
the B4 profile implies a sedimentary environment with
mainly anoxic conditions and sufficient organic mat-
ter that acts as a reductant and energy source for pyrite
formation (Berner 1984). Due to their geochemical sta-
bility, lithogenic elements such as Zr, Hf, Nb, and Ti are
often used in paleoenvironmental studies as indicators
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of detrital and allochthonous input (Davies et al. 2015).
For instance, Zr and Zr based ratios (Zr/Ti, Zr/Rb, Zr/
Al) are often used as proxies for aeolian input of Saha-
ran dust (Jimenez-Espejo et al. 2014; Scheuvens et al.
2013; Moreno et al. 2006, and Hemming 2007), while
Si ratios (Ti/Si, Zr/Si) are used as indicators of biogenic
silica production during favorable seasons (Lamb et al.
2018; Davies et al. 2015; Brown et al. 2007). Furthermore,
also K is used as an effective moisture fluctuation indi-
cator (Foerster et al. 2012). In our B4 profile, lithogenic
elements and ratios such as Zr, Hf, Zr/SiO,, Zr/Rb, and
Zr/TiO, show minimum values after deglaciation; they
slightly increased around 210 and 190 ¢cm (~17.2 and
16.9 cal kyr BP), while a continuous increase of these
elements and ratios is recorded from 175 to 135 cm
(~16.6-15.7 cal kyr BP) (Fig. 5). In contrast, CPA values
show a weak minimum at~210 and 190 cm and further
decrease to <80 between 175 and 135 cm. These results
likely reflect intensified dry northerly winds (Brown et al.
2007; Marshall et al. 2011; Lamb et al. 2018; Jimenez-
Espejo et al. 2014), which transported less weathered
(low CPA, Na enriched, Fig. 5), allochthonous material
in the Sanetti Plateau. The occurrence of gypsum-bear-
ing layers in~210 cm (~17.2 cal kyr BP) and between
166 and 152 cm (16.4-16.1 cal kyr BP) show lower water
tables and provide evidence for dry events. The latter is
further confirmed by increasing values of K,O (Fig. 5),
which agrees with results from Chew Bahir (Foerster
et al. 2012). Moreover, increased values of K,O and
Na,O (Fig. 5) coincide with the high abundance of Feld-
spar in ~ 135 cm (Additional file 3), highlighting Feldspar
containing allochthonous input. The abrupt decrease of
most allochthonous elements and ratios (Fig. 5) at about
15.7 cal kyr BP indicates a drastic atmospheric reorgani-
zation with an abrupt decrease of dust inputs related to
the beginning of the AHP, attributed to the northward
migration of the rain belt and the ITCZ (Bastian et al.
2021).

4.4 Palynology

The green algae Botryococcus is generally found in tropi-
cal freshwater lakes under very cold environmental con-
ditions (Jankovskd and Komérek 2000). Therefore, the
high occurrence of Botryoccoccus at the bottom of the B4
profile indicates deglaciation and discharge of cold melt-
water into the lake. The abundant presence of Botroyoc-
cocus, which is usually characterized by high TOC/N
values of 18-36 (Last and Smol 2002; Bittner et al. 2020)
and high 8"3C values (Grice et al. 2001), may have con-
tributed to the TOC/N increase recorded between 250
and 240 cm depth and positive §'C values at the bot-
tom of the profile (Fig. 4). This supports the interpreta-
tion of predominant lacustrine TOC production after
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deglaciation. The decrease of Botryococcus and a parallel
increase of Pediastrum also show a relatively stable water
body in the investigated depression.

The high percentages of Poaceae and herbs (non-arbo-
real pollen, NAP) between 18.1 and 17.2 cal kyr BP docu-
ments open grass-land vegetation around the Sanetti
Plateau. The high number of Artemisia and Chenopodi-
aceae/Amaranthaceae pollen indicate that the vegetation
may have been steppe-like. The abundant presence of
Plantago suggests a sparse vegetation cover with less com-
petition shortly after deglaciation. However, the presence
of arboreal pollen points to forests down the slopes of the
Bale Mountains during the LGM. An increase in Cheno-
podiaceae/Amaranthaceae and Plantago and a decrease in
Artemisia, Pediastrum, Hagenia, Podocarpus, Myrica, Juni-
perus, and Olea between ~17.2 and 16.9 cal kyr BP reflect a
reduction of the montane forests due to a~300-year inter-
val with dry and/or cold climate. This interpretation fur-
ther agrees with the mineralogical results which recorded
a dry event between 17.2 and 16.9 cal kyr BP. The increase
of arboreal pollen and Pediastrum between about 16.9—
16.6 cal kyr BP marks a recovery of the montane forest and
wetter local setting at the slopes of the Sanetti Plateau. At
around 16.5 cal kyr BP, low values of Pediastrum, Erica,
Hagenia, and Botryococcus indicate dry environmental
conditions. The decrease in the influx of Erica pollen and
subsequent increase of Chenopodeacea/Amaranthaceae
around 16.3 cal kyr BP related to the desiccation phase
of the B4 depression recorded by low TOC and high sand
input. After this desiccation phase, a trend to locally more
humid conditions is indicated by higher Pediastrum values,
more frequent fern spores, and Sparganium-type between
155 and 135 c¢cm (16.1 and 15.8 cal kyr BP). This is in agree-
ment with increasing TOC values and it documents that
on the SP the H1 stadial is characterized by a short-term
desiccation, in contrast to the lowland archives (Fig. 8). Dry
environmental conditions are also evidenced from 15.4 to
15.2 cal kyr BP by the decrease in Erica and Hagenia pol-
len, while tolerant montane taxa such as Podocarpus and
Juniperus survived. Nevertheless, as indicated by constant
high Pediastrum influx and high Paq values, the B4 depres-
sion was partly or periodically flooded. Changes in season-
ality and longer dry seasons may have given way to swamp
formation. However, pollen types, including typical swamp
and water plants (Cyperaceae, Sparganium-type), show
no increase. The increasing Plantago-type includes the
amphibious species Littorella uniflora, but this swamp spe-
cies is not known from Africa today (Hoggard et al. 2003).
Possibly, the increased Poaceae influx marks the spread-
ing of swamp grasses at the site. A temporary decrease in
the influx of arboreal pollen may be related to a short cold
event that also decreased the flourishing of grasses and
herbs (NAP). The long-time trend in NAP influx reduction
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can relate to a change in the vegetation from wind-polli-
nated plant groups (Poaceae, Chenopodiaceae/Amaran-
thaceae, Plantago-type, Rumex-type) to insect-pollinated
taxa (Senecio-type, Caryophyllaceae), leading to an overall
reduced NAP pollen input. By contrast, the decrease in
Chenopodiaceae/ Amaranthaceae and consequent increase
of A/C between 15.2 and 14.4 cal kyr BP indicate the most
humid conditions regionally, whereas locally the B4 depres-
sion started to dry out due to increased silting up. A signifi-
cant increase in Erica and Podocarpus pollen between 14.4
and 13.6 cal kyr BP substantiates the expansion of the Eri-
caceous belt and the lowland forests, together with a fun-
damental change in vegetation composition on the Sanetti
Plateau. This is in contrast to the sedimentological results
which document progressive local drying out. This discrep-
ancy might be due to the potential of pollen assemblage to
provide regional environmental signals, while biogeochem-
ical proxies (Fig. 4), mainly reflect the local conditions of
the B4 record.

5 Environmental implications and comparison
with other records
5.1 Deglaciation and climate fluctuations
14C ages from the lower sediment of depression B4 sug-
gest that the Sanetti Plateau became at least locally, ice-
free already at~18.2 cal kyr BP. Surface exposure dating
of erratic boulders in N-exposed valleys and on the Sanetti
Plateau suggest the onset of deglaciation at 15.2+1.2 cal
kyr BP (Groos et al. 2021; Ossendorf et al. 2019). The
basal *C-age of Garba Guracha sediments (15.9-16.7 cal
kyr BP) is almost in agreement with the age of deglacia-
tion estimated from cosmogonic ages (Umer et al. 2007;
Tiercelin et al. 2008; Bittner et al. 2020). This discrepancy
might be due to the ice cover in the N-exposed trough val-
ley of Lake Garba Guracha that might have been thicker
and thus longer lasting than on the Plateau around the
B4 profile, which is strongly wind-exposed and has no ice
accumulating catchment (Fig. 1). Besides, methodological
uncertainties (exposure dating versus radiocarbon analysis)
cannot be ruled out. Nevertheless, the deglaciation age of
B4 depression seems reliable.

Our palynological and biogeochemical results record
climate fluctuations on the Sanetti Plateau since the end
of the LGM. Disregarding the initial phase around 18 cal
kyr BP, the environmental conditions during unit 1 can
be characterized as predominantly lacustrine, correlat-
ing with results from Lake Tanganyika, Challa, and Chew
Bahir, which also show predominantly humid conditions
(Fig. 8). However, between~17.2 and 16.9 cal kyr BP
partly fluctuating allochthonous elements (Fig. 5), cor-
relating with increased deflation in the northerly dust
source areas, and an increase in Chenopodiaceae/Ama-
ranthaceae and reduction in montane forest indicate
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a short dry event during this time. Possibly, this event
relates to a short weakening of the East-Asian monsoon
system as reported by Wang et al. (2001) for Asia around
17 cal kyr BP as a precursor of Heinrich Event 1 (Hem-
ming 2004). Also, Camuera et al. (2021) described such
an early H1 phase (refers to HS1b) between 17.2-16.9 cal
kyr BP in the Mediterranean. The ~300 years of climate
deterioration are also weakly documented in sediments
of Chew Bahir (Fig. 8) and might be part of the mega-
drought postulated for the Afro-Asian monsoon system
between 17-16 cal kyr BP (Stager et al. 2011).

We interpret increasing input of allochthonous ele-
ments between 16.6 and ca.15.9 cal kyr BP (Fig. 5) as an
indicator of the dominance of northerly wind, correlated
with progressive ecosystem degradation in the lowlands,
and occurring contemporaneously with the North Hemi-
spheric cooling during H1. Interestingly, on the Sanetti
Plateau TOC-minima and sand-maxima indicate only
short-term intensive desiccation at 16.3 cal kyr BP, and
already between~16.1 and 15.7 cal kyr BP TOC and HI
increased again, whereas sand contents rapidly decreased
(Fig. 4), reflecting that the environmental conditions
locally, on the Sanetti Plateau improved, in agreement
with the palynological results. This discrepancy between
the high altitudes of the Sanetti Plateau and the vast low-
lands northerly might reflect that the Bale Mountains,
located close to the Indian Ocean, react more rapidly to
environmental changes, whereas the lowland ecosystems
are much more resilient, due to slow negative vegetation
and monsoon feedbacks.

In many studies, arid conditions in tropical Africa
between~16.8 and 154 cal kyr BP were already
described, coinciding with H1 (e.g. Bonnefille and Chalie
2000; Gasse 2000; Talbot and Leerdal 2000; Hemming
2004; Tiercelin et al. 2008; Tierney et al. 2008). Lamb
et al. (2007) also mentioned an “episode of shallow water”
in the Lake Tana basin between 16.7 and 15.7 cal kyr BP.
Based on 8D values of higher plant leaf waxes from Lake
Challa (Fig. 8), Tierney et al. (2011) concluded that these
arid conditions in eastern Africa were due to reduced
moisture input from the Indian Ocean. Previous stud-
ies described that climatic fluctuations in eastern Africa
during the Late Quaternary were related to teleconnec-
tions between North Atlantic cooling events, recorded
in Greenland ice cores and N-Atlantic sediments, and
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the weakening of the Indian Summer Monsoon (Tier-
ney et al. 2008; Marshall et al. 2011; Mohtadi et al. 2014;
Lamb et al. 2018). It is suggested that during these cool-
ing events, caused by massive iceberg surges and cold
meltwater entering the North Atlantic, the ITCZ and the
Northern Hemisphere westerlies shifted abruptly south-
wards and abruptly northward at the end of the cool-
ing, thus controlling deflation of lithogenic elements out
of the northern source areas and their input in the sur-
rounding areas (Tierney et al. 2008; Marshall et al. 2009;
Lamb et al. 2018). This might explain the high input of
allochthonous lithogenic elements (Fig. 5). A similar find-
ing is presented by Brown et al. (2007), reporting elevated
inputs of e.g. Zr to Lake Malawi due to intensified north-
erly winds.

The allochthonous elements decreased abruptly at
about 15.7 cal kyr BP, likely correlating with the onset of
the AHP, and evoked by rapid northward migration of the
rain belt and the ITCZ in relation to precession-driven
insolation changes (Bastian et al. 2021). We assume
that this resulted in a relatively rapid establishment of a
denser vegetation cover and a drastic reduction of dust
deflation from northern source areas (Figs. 5 and 8). The
timing of this event agrees with the results of Camuera
et al. (2021). They concluded that the AHP started in the
Mediterranean at 15.7 cal kyr BP after the termination of
HS1c. Also, Lamb et al. (2007, 2018), described such an
abrupt shift from Lake Tana, and Marshall et al. (2011)
dated this event to 15.3 cal kyr BP. In Lake Victoria, the
rapid refilling of the basin is dated to 14.5 cal kyr BP (Tal-
bot and Lzrdal 2000). One reason for this discrepancy
might be dating uncertainties. However, our data from
the B4 profile let assume that locally, at the high altitudes
of the Sanetti Plateau, the abrupt onset of humidity might
have started almost 1000 years before the onset of the
Bolling—Allered warming in the North-Atlantic region
(Alley and Clark 1999; Van Raden et al. 2013) and before
at least some hundred years earlier than in Lake Tana
region, located 630 km northward. In contrast to the sed-
imentological and geochemical results, our pollen results
(Figs. 6 and 7) do not show clear evidence for this abrupt
start of the AHP. Within this humid period, water levels
in the B4 record did not remain high but lowered already
around 15.4 cal kyr BP, and a swamp developed, reflect-
ing probably higher evaporation and less precipitation.

(See figure on next page.)

Fig. 8 A summary figure comparing palynological and biogeochemical results from unit 1 and unit 2 of the B4 sediments with relevant proxies
from Lake Tanganyika (Tierney et al. 2008), Lake Challa (Tierney et al. 2011) and Lake Chew Bahir (Foerster et al. 2012) sediments. Light orange

color indicate dryer events, orange color indicates a desiccation layer developed during Heinrich Event 1 (H1). Blue color characterizes the African
Humid Period (AHP) and other humid episodes while dark green color indicates the event characterized as humid and arid according to pollen and

geochemical results, respectively. 8D and K values are in inversed scale
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A similar finding was reported from Lake Tana, where a
papyrus swamp developed between 15.7 and 15.1 cal kyr
BP, due to lower lake levels and reduced rainfall (Lamb
et al. 2007). Slightly rising allochthonous proxies (e.g.
Zr, Nb, Hf, see Fig. 5) likely document progressive local
drying-up after about 14.4 cal kyr BP, whereas ascend-
ing arboreals indicate regional wetter conditions (Fig. 7).
The uppermost part of the unit 2 sediments, deposited
between ~14.4-13.6 cal kyr BP, is enriched in arbo-
real pollen, reflecting regional wetting; but fluctuating
sand contents and higher input of terrestrial alkanes let
assume that drying-up of the B4 depression by advanced
periodic sediment input continued. These processes
do not allow a reliable correlation of the environmental
dynamics affecting the Sanetti Plateau with those docu-
mented in sediments of Lake Tanganyika, Challa, and
Chew Bahir (Fig. 8); also an unambiguous relationship
with climatic phenomena known from the North Atlan-
tic region (e.g. Allergd) cannot be identified in the upper
part of unit 2.

5.2 Vegetation

The B4 pollen record allows the reconstruction of veg-
etation changes from 18.1 to 13.6 cal kyr BP. Between
18.1 and 16.8 cal kyr BP, the vegetation is characterized
as herb-rich grassland with Chenopodiaceae/Amaran-
thaceae. Plantago maxima between 17.2-16.9 cal kyr BP
are related to dry and/or cold environmental conditions
(see Section 4.4). These results are roughly in agreement
with Umer et al. (2007), reporting open grassland veg-
etation at 16 cal kyr BP around Lake Garba Guracha. Our
pollen record further shows high Arboreals such as Podo-
carpus, Hygenia, Erica, and Juniperus at 16.9 cal kyr BP,
indicating more favorable conditions, in agreement with
the sedimentological data. Increased aridity between
16.6 and 15.7 cal kyr BP, well documented by most bio-
geochemical proxies and interpreted to correlate with
H1, is not clearly revealed in the palynological data. The
desiccation surface developed around~16.3 cal kyr BP
correlates with decreased contents of Erica pollen, Pedi-
astrum, ferns, and Botryococcus, and elevated Cheno-
podiaceae/Amaranthaceae ratios, indicating a temporary
phase of less favorable, drier environmental conditions.
This possibly marks the time of maximum H1 dryness.
Similarly, the AHP, recorded by biogeochemical proxies,
is not obvious in the pollen results. Our data show that
Ericaceae pollen content considerably increased on the
Sanetti Plateau from 14.4 to 13.6 cal kyr BP, likely cor-
relating with an increase in temperature, which might
be synchronous with the European Meiendorf intersta-
dial starting at 14.4 varve years (Litt et al. 2001). Accord-
ing to pollen results from Lake Garba Guracha and peat
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deposits, Umer et al. (2007) and Kuzmicheva et al. (2014)
assume that Erica vegetation expanded on the Sanetti
Plateau above the actual upper limit of the Erica belt, only
during the early Holocene beginning at 11.2 cal kyr BP.
The dry climate during mid to Late Holocene and natural
and/or human-induced fires (Miehe and Miehe 1994) are
suggested as major causes for the decline of Erica which
at present exists above the upper line of the Erica belt
only in form of isolated fragments, mainly restricted to
slopes rich in basalt boulders. Furthermore, Miehe and
Miehe (1994) assumed that these Erica patches are rel-
ics that document an intensive extension of Erica species
on the Sanetti Plateau after deglaciation, which were later
on destroyed because of the invasion of hunter-gatherers
and pastoralists. However, since the upper timberline is
temperature-controlled (Koérner 2008), we hypothesize
these Erica patches on the plateau survive due to better
microclimate, generated by dark basalt boulders.

5.3 Fire dynamics on the Sanetti Plateau

Our black carbon results (Fig. 4) show that fire was a
common phenomenon in the Bale Mountains even dur-
ing the early Late Glacial. However, pollen data indicate
that at this time Erica was not growing around the B4
depression (Fig. 8). Therefore, BC in the lower part of
the B4 profile likely originates from other vegetation fires
or the Erica belt in lower altitudes. This interpretation is
supported by the fact that BC, even in the dry mode H1
sediments, is not clearly increased. Only with the begin-
ning of the AHP around 15.7 cal kyr BP, BC started to
increase, correlating with warmer and more humid envi-
ronmental conditions, and reaching a maximum at about
15 cal kyr BP coinciding with increasing Erica pollen. In
the uppermost part of unit 2 (70-80 c¢cm) Erica pollen
further increased, again correlating with maximum BC at
about 13.6 cal kyr BP.

Up to now, despite the human invasion during 47-31 cal
kyr BP, there is no evidence that during the Late Glacial
hunter-gatherers were living on the plateau and burned
the Erica to facilitate hunting. However, we cannot rule
out that fires were triggered by the increase of easily com-
bustible Erica biomass due to improved environmental
conditions. For a different time period, but in connec-
tion with the fuel-controlled fire process, the charcoal
record from Garba Guracha supports a strong correlation
between fire occurrence and heathland expansion dur-
ing the Holocene (Gil-Romera et al. 2019). Elevated BC in
the early humid Holocene deposits of the B4 record (not
shown here) supports our interpretation that the burning
of Erica is mainly controlled by the amount of Erica bio-
mass, being higher under warm and humid climates.

101



Manuscript 4

Mekonnen et al. Progress in Earth and Planetary Science (2022) 9:14

6 Conclusions

Our high altitude sedimentary archive provides a new
older deglaciation age of 18.2 cal kyr BP for the San-
etti Plateau. Biogeochemical results show that the Pla-
teau was sensitive to local, regional and global climate
changes. We detected a severe local drought event on the
Sanetti Plateau at~16.3 cal kyr BP with complete des-
iccation of the past B4 lake for some decades, related to
H1. Between~16.6 and 15.7 cal kyr BP allochthonous
elements like Zr, Hf, Nd, Nb, Na, presumably windblown
by dry northerly winds during H1, accumulated increas-
ingly in the B4 record, indicating continuous but delayed
degradation of the wind source areas in lower altitudes
but without documenting maximum dryness at 16.3 cal
kyr BP. This is in contrast to our high altitude B4 archive
and reflects the resilience of the lowland ecosystems.
The Abrupt change to humid conditions at~15.7 cal kyr
BP indicates the onset of AHP in the Bale Mountains
some hundred years earlier than in the Lake Tana region
but in agreement with the termination of the HS1c phase
in the Mediterranean.

The vegetation on the Sanetti Plateau was less sensi-
tive to increased aridity during H1 and also to increased
humidity during AHP. Nevertheless, the Erica pollen
increased in the B4 sediments at ~ 14.4 cal kyr BP, corre-
lating with a wet and warm regional climate. Despite this
increase, it remains open whether the Ericaceous belt
expanded to the plateau during that time or during the
early Holocene, except for the currently existing isolated
patches on boulder-rich steep slopes. Our results indicate
that fire incidences mainly coincide with an expansion
of the vegetation cover and less with dry periods. Most
likely, a warm and humid climate promotes biomass pro-
duction of Erica, hence increasing the amount of fuel,
which burns from time to time. This allows to conclude
that biomass and thus fuel availability is important factor
controlling fire events in the Bale Mountains.
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Abstract

In the Bale Mountains, the ericaceous belt ranges between 3200 and 3800 m asl. Studies indicate an expansion on the San-
etti Plateau at the end of the Late Glacial and during the early Holocene. Currently, only patches of Erica growing between
boulders are found on the Plateau, while most of the landscape above 3800 m asl is covered by afro-alpine plants. Driving
factors for Erica patches above the upper ericaceous ecotone is a matter of debate. This study evaluates site variables and
biogeochemical properties of soils under Erica patches and nearby Erica-free control to understand the environmental
conditions responsible for the patchy occurrence of Erica on the Sanetti Plateau. Except for the boulder richness, Erica and
control plots have comparable topography, soil texture, and electrical conductivity. However, soils below Erica patches have
higher total organic carbon, nitrogen, carbon-to-nitrogen ratios, and black carbon contents than the control plots indicating
fresh organic matter input and availability of combustible fuel. This implies that Erica did not fully cover the control plots in
former times. Carbon and nitrogen stocks were slightly higher in control plots due to the lower stone contents of the profiles.
In addition, soils of the Erica plots showed more positive 8'>C values than the control soils, possibly attributed to water
stress. In general, the relief and soil conditions of control plots may support the growth of Erica. However, Erica growing
between boulders seems to benefit from the favorable microclimate and physical protection against grazing and fire.

Keywords Erica patches - Environmental factors - Fire - Boulders - Sanetti Plateau - Ethiopia - Bale Mountains

Introduction

Defining the tree line ecotone of high-elevation vegeta-
tion is often problematic and debatable as it is difficult to
unambiguously identify and quantify the factor that plays
the most significant role (Kérner 2007; Jacob et al. 2015).
Such difficulties have been observed in the East African
Mountains, which are vulnerable to climate change and
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anthropogenic impacts (Wesche et al. 2000; Jacob et al.
2015). Erica, also known as heathers or heath, is one of
the most widely distributed plant genera in the Ericaceae
family (Oliver 1989; Kron et al. 2002). Its geographical dis-
tribution covers Europe, the Middle East, South America,
and Africa (Mcguire and Kron 2011). Erica species (Erica
trimera and Erica arborea) dominate and characterize most
high-elevation mountains in eastern Africa, forming the
upper tree line forest (Hedberg 1951; Wesche et al. 2000;
Fetene et al. 2006). Ericaceous vegetation is widespread in
northern (Siemen Mountains) and southern Ethiopia (Bale
Mountains, Mt. Chillalo, Mt. Kaka, Galama Mountains, and
Arsi highlands) (Hedberg 1951; Miehe and Miehe 1994). In
the Bale Mountains, the ericaceous belt covers an area of
90,000 ha and spans between 3200 and 3800 m asl (Miehe
and Miehe 1994). According to Fetene et al. (2006), the
ericaceous vegetation is grouped into three elevational sub-
zones. The lower subzone is characterized by the Erica-
dominated Hagenia-Hypericum forest, which spans between
3000 and 3400 m asl. The central part covers the elevation
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between 3400 and 3600 m asl; dominated by Erica trimera,
Hypericum revolutum, and Alchemilla abyssinica. In the
upper subzone between 3600 and 4200 m asl, the Erica-
ceous vegetation has a patchy appearance, especially at the
Sanetti Plateau between 3800 and 4200 m asl. Such patchy
appearance of Erica vegetation is also reported from other
high-elevation African mountains such as Mt. Kilimanjaro,
Mt. Elgon, Mt. Kenya, and the Rwenzori Mountains (Hed-
berg 1951; Beck et al. 1983; Wesche et al. 2000) and the
Andes in South America (Kessler 2000). The presence of
these Erica patches, mainly growing between big boulders,
makes the demarcation of the upper limit of Erica difficult
(Friis 1986; Miehe and Miehe 1994). The Sanetti Plateau is
one of the largest afro-alpine areas in Africa (Hillman 1988;
Groos et al. 2021). The area is mainly covered by afro-alpine
plant species such as Helichrysum, Alchemilla, Lobelia, and
grasses (Friis 1986; Miehe and Miehe 1994). However, big
boulders, frequently present on slopes of the Plateau, serve
as "refugee camps" for Erica above the upper ericaceous
ecotone at ca. 3800 m (Miehe and Miehe 1994).

Climatic stress, fire, and overgrazing are postulated as
potential drivers for tree line changes in the ericaceous
vegetation of the Bale Mountains (Miehe and Miehe 1994;
Wesche et al. 2000; Fagtindez 2013; Jacob et al. 2015;
Johansson et al. 2018; Kidane et al. 2022). Similarly, the
presence of Erica patches in the highest elevation east
African mountains is explained by the impact of human-
induced fire and climate change (Kessler 2000; Hemp and
Beck 2001; Hemp 2005). For instance, Chala et al. (2017)
suggested the downward shift of the tree line by 1000 m
and the corresponding expansion of the afro-alpine habitat
during the Last Glacial Maximum (LGM) in eastern Africa.
Furthermore, paleoenvironmental studies in the Bale Moun-
tains revealed the effect of climate fluctuation on vegetation
(Umer et al. 2007; Gil-Romera et al. 2019; Groos et al. 2021;
Mekonnen et al. 2022). Umer et al. (2007) reported that the
ericaceous vegetation extended to the Sanetti Plateau dur-
ing the beginning of the Holocene in response to the warm
and humid climate, and they suggested that the vegetation
expansion started to decrease during the mid-Holocene due
to increasing aridity. Kidane et al. (2022) and Chala et al.
(2016) assumed that the current climate warming might alter
the spatial arrangement of the ericaceous vegetation in the
Bale Mountains by supporting its expansion to the Plateau
and simultaneously the extinction of afro-alpine vegetation.

At present, the growth of Erica on the Sanetti Plateau
is mainly restricted to boulder-rich sites. In contrast, areas
nearby without boulders are generally free of Erica and
mainly covered by afro-alpine species such as Alchemilla
haumannii, Helichrysum splendidum and Festuca abyssi-
nica. These Erica patches are assumed to be relics of the
ericaceous vegetation expansion during the humid Early
Holocene (Mieche and Miehe 1994; Umer et al. 2007). Fire

@ Springer

has been prominent in the Bale Mountains for hundreds to
thousands of years (Gil-Romera et al. 2019; Mekonnen et al.
2022). This is because the pastoralists in the Bale Mountains
believe that fire stimulates the growth of new grass for cattle
grazing, thus improving fodder quality, controlling insect
pests, and protecting their cattle from predators (Miehe and
Miehe 1994; Fetene et al. 2006; Belayneh et al. 2013). As a
result, the spatial extent of different vegetation groups in the
Bale Mountains, including the isolated patches of Erica, has
drastically changed over time (Kidane et al. 2012). Grazing
is also considered to play a significant role in controlling the
expansion of Erica. According to Johansson et al. (2010),
cattle, goats, and sheep are the main grazing domestic ani-
mals in the ericaceous vegetation. Furthermore, according
to Gebremedhin et al. (2016), Erica arborea is a highly
preferred diet by domestic goats in the Semien Mountains.
In particular, goats and sheep intensively graze the Erica
seedlings sprouting after fire, thus putting immense pres-
sure on their regeneration. However, in addition to these
biotic factors, temperature, precipitation, soil quality, and
wind speed have determinant effects on the growth of trees
(Jacob et al. 2015). Miehe and Miehe (1994) hypothesized
that temperature and moisture availability could be factors
limiting the growth of Erica on the Sanetti Plateau. More-
over, Groos et al (2022) have presented ground tempera-
ture data sets for the Bale Mountains high-elevation sites.
However, up to now, except for observational descriptions,
there has been no quantified evidence that can explain the
patchy occurrence of Erica on boulder-rich slopes of the
Sanetti Plateau above ca. 3800 m asl.5!C analyses of leaves
and soils are used to determine historical alterations in the
boundary between C3 woodland and C4 grasslands (Eshetu
2002). This is mainly due to the differences in the photosyn-
thetic pathways between C3 and C4 plants. While C3 plants
are characterized by 8'C values of — 22 to — 35%o, C4 plants
show 8'3C values of — 11 to — 17%o (Marshall et al. 2007;
Tiunov 2007). In addition, 8'3C is a prominent proxy for
determining plant water status. It decreases the 8'3C value
in dry tissue due to stomatal constraints on gas diffusion
during periods of biomass production (Korner 2012a). Black
carbon (BC) is a highly condensed carbonaceous product of
organic matter combustion (Glaser et al. 1998; Brodowski
et al. 2005). Due to its highly stable polycyclic hydrocar-
bons, black carbon is widely used as a proxy for fire history
reconstruction (Kuzyakov et al. 2014). Applying this proxy
in this study is promising because fire is a common inci-
dence in the ericaceous vegetation of the Bale Mountains.
In addition, the patchy distribution of Erica on the Sanetti
Plateau is assumed to document fire disturbance (Miehe and
Miehe 1994; Wesche et al. 2000; Gil-Romera et al. 2019).
In this study, we aim to contribute to a better understand-
ing of the distribution of Erica on the Sanetti Plateau by
comparing Erica and non-Erica plots (control plots) based
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on different environmental and biogeochemical proxies such
as topography and selected soil properties. Specifically, our
research questions are: (i) Is topography (elevation, exposi-
tion, inclination) a limiting factor, and is stone cover a favor-
ing factor for the growth of Erica? (ii) Do Erica sites have
different soil properties than control plots (e.g., pH, TOC,
N contents and stocks, stable isotopes, and BC contents)?
Finally, (iii) Is there any evidence that Erica has previously
occupied the control plots?

Materials and methods
Study area
Geology, vegetation, and climate

The Bale Mountains National Park is located in the Oromia
National Regional State, south-east Ethiopia (6°29'-7°10'N
and 39°28'-39°57'E; Fig. 1), covering an area of ~2200
km? (Hillman 1988). The park was established in 1970 to
conserve its endemic fauna and flora. The Bale Mountains
were formed by volcanic eruptions during the Miocene and
Oligocene, releasing large amounts of basalt, rhyolite, and
ignimbrite (Mohr 1983). They rise from the eastern high-
lands (2500 m asl) alongside the Ethiopian rift valley to the
Sanetti Plateau (3800—4000 m asl) and Tullu Dimtu (4377 m
asl) (Miehe and Miehe 1994). Besides, the Bale Mountains
were one of the most glaciated mountains in Ethiopia dur-
ing the Late Pleistocene (Osmaston et al. 2005; Mark and
Osmaston 2008; Groos et al. 2021).

o~
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Fig. 1 Map showing the geographical location of the Bale Mountains
in Ethiopia and the study sites; five covered by Erica patches (E1-ES)
and five located nearby without Erica (Control sites C1-C5), covered
by grass and Helichrysum and temperature loggers installed by Groos
et al. (2022) at the site 1 (TM09m and TMO08) and site 2 (TMO07 and
TM10)

Spatial and temporal variability prevailed in the differ-
ent vegetation compositions of the Bale Mountains along
elevation. The northern and southern declivities between
1450 and 3200 m asl are characterized as dry and moist
Afromontane forests, respectively. One of the dominant
vegetation types in the Bale Mountains is the Ericaceous
belt mediating between Afromontane and afro-alpine veg-
etation (Miehe and Miehe 1994). It spans between about
3200 and 3800 m asl, dominated by Erica arborea L. and
Erica trimera (Engl.) Beentje (Hedberg 1951) in the form of
shrubland and moist forest along the northern and southern
slopes, respectively. The afro-alpine vegetation dominates
above 3800 m asl up to 4377 m asl, punctuated by patches
of Erica (Miehe and Miehe 1994). The dominant plant spe-
cies in each elevational zone are covered in depth elsewhere
(Hedberg 1951; Friis 1986; Miehe and Miehe 1994).

The climatic conditions of the Bale Mountains are defined
by topography and the movement of the Intertropical Con-
vergence Zone and the Congo air basin (Levin et al. 2009;
Costa et al. 2014). As a result, the climate is characterized
by a dry and bimodal rainy season. The dry season spans
from November to February, and two rainy seasons prevail
from March to June and from July to October, respectively.
In Dinsho (the Bale Mountains National Park headquarters
at 3070 m asl), the mean annual precipitation is 1069 mm,
and the mean annual temperature is 11.8 °C. The southwest-
ern part of the mountains experiences higher precipitation,
with 1000—-1500 mm per year, than the northern part, which
exhibits annual rainfall ranging between 800 and 1000 mm
per year (Hillman 1986; Tiercelin et al. 2008). The water-
shed of the Plateau is characterized by flat, swampy areas
and many small, shallow lakes crucial for stream and river
flow regulation (Belayneh et al. 2013). While the northern
winds from the Arabian Peninsula dominate during the dry
season, the southeasterly monsoon transports moisture from
the Indian Ocean during the rainy seasons (Lemma et al.
2020). During the rainy season, snow can fall on the Plateau
and highest peaks but usually does not persist for longer than
a few hours or some days (Miehe and Miehe 1994).

Sample collection

Five sites were identified along a NE-SW transect over
the Sanetti Plateau (Fig. 1). For each site two plots were
identified; one covered by dense Erica patches (Erica plot)
and the second one only by grass spp., Helichrysum, and a
few Alchemilla plants (Figs. 1, 2) but without Erica (con-
trol plot). After testing the soil homogeneity using a soil
auger, a total of ten representative soil profiles (five under
Erica patches and five in adjacent control plots) were dug
until the bedrock was reached, and the main topographic
variables (elevation, aspect, and slope) and soil depth were
recorded. Soil profiles were described (e.g., color, texture,
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Fig. 2 Pictures showing sampling sites. a Site of Erica patch (E4) at
3970 m asl in north exposition b Erica patch E2 with Erica shrubs
growing between stones and boulders. ¢ Soil profile below Erica

stone contents in vol.%, and root content, see Table S1 and
Bodenkundliche Kartieranleitung (Ad-hoc-Arbeitsgruppe
Boden 2005)), and samples were taken from each soil hori-
zon, air dried, and stored in plastic bags. In addition to soil
samples, leaves of Erica, grass (Festuca), and Helichrysum,
the dominant afro-alpine species, were collected randomly
from the study plots.

Laboratory analyses and statistical evaluation

pH and electrical conductivity were measured using 10 g of
O-layer and 20 g of mineral soil samples. After placing the
samples in containers, 25 ml of distilled water was added.
The suspensions were shaken for 30 min and allowed to
settle. Subsequently, electrical conductivity and pH were
measured with a glass electrode. Soil texture analyses were
done using PARIO Soil Particle Analyzer (METER Group,
Munich, Germany). Before measurement, samples were
treated using 50 ml of 30% H,0, and 40 g/L solution of
Na,P,0,. Total organic carbon (TOC), total nitrogen (N),
and the natural abundance of 8'3C and §'°N were meas-
ured using an elemental analyzer coupled to an isotope
ratio mass spectrometer (EL-IRMS). While sucrose (ANU,
IAEA, Vienna, Austria) and CaCO; (NBS 19, TS limestone)
were used as calibration standards for 8'3C, IAEA 305A,
IAEA N,, IAEA NO;, and USGS 41 were used for §'°N.

@ Springer

shrubs (E2). d Erica seedlings growing beside a single big boulder
on a control plot. e Control plot (C1) covered by Helichrysum sp at
4150 m asl. f Soil profile below control plot (C3)

The precision of 8'3C and 8'N measurements was 0.2%o
and 0.3%o, respectively.

Soil organic C and N stocks of each mineral soil hori-
zon and the whole soil profile were calculated according to
Batjes (Batjes 1996).

k

SOC, o0y = ESOCXBDxtx (1 —(%)), )
where SOCy,, is the total amount of organic carbon (in kg
m~2), SOC is the proportion of organic carbon (kg Mg™") in
layer i, BD is the bulk density (Mg m™>) of layer i, ¢ is the
thickness of this layer (m), and S is the volume of the frac-
tion of fragments >2 mm.

The carbon stock of the O-layers was calculated differ-
ently from that of the mineral soils:

weight
0 > xSOC)/lOO, )

C — stockO — layer = ((

The organic material has been sampled using a
20 cm X 20 cm metal frame. This procedure provides the
weight of all the organic material sampled per unit area,
independently of its depth.

BC was analyzed using benzene polycarboxylic acids
(BPCAs) as molecular markers, following Glaser et al.
(1998) with modifications by Brodowski et al. (2005). Five
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hundred mg of each sample were hydrolyzed with 10 ml14 M
TFA for 4 h at 105 °C. The hydrolyzed samples were filtrated
on glass fiber filters and rinsed several times with de-ionized
water to remove polyvalent cations. Subsequently, the sam-
ples were digested with 65% nitric acid for 8 h at 170 °C in
a high-pressure digestion apparatus. The solution was passed
through Dowex 50 W resin columns (200 to 400 meshes) to
remove polyvalent cations. After derivatization, the BPCAs
were separated using gas chromatography (SHIMADZU,
GC-2010, Kyoto, Japan) and detected using a flame ioniza-
tion detector (FID) with an injection temperature of 300 °C.
All statistical analyses were done using R software.

Results
Environmental features and soil properties

Erica and control plots of a given site generally have compa-
rable topographic features; they are located in southern (sites
1, 2, and 3) and north-eastern (sites 4 and 5) expositions
between 3850 and 4150 m asl (Table 1).

Except for E4, usually, the inclination is weak. Erica plots
are generally covered by big boulders (average 60%), with
Erica shrubs (~ 1.5 m tall) growing between the boulders
(Fig. 2a, b). In contrast, control plots are completely covered
by grass and afro-alpine plant species with no visible big
stones/boulders on the surface (Fig. 2e, f).

The soils under study are characterized by thick Ah hori-
zons (up to 75 cm), which were further subdivided into Ah1,
Ah2, and Ah3. Additionally, B, C, and transitional horizons
could be identified based on morphological properties such
as color, stone content, roots, etc. (Fig. 2c, f; Table S1). Due
to the very high stone contents of the C horizons, the com-
parison between Erica plots and the corresponding control
plots was restricted to O, Ah, and Bw horizons; only the

SOC stocks were calculated for the whole soil profile. Since
the percentage of stones is a very influential factor for root
penetration, water storage capacity, carbon, and nutrient
accumulation, stoniness was determined per horizon. The
results showed that, even though not statistically significant,
stone contents are often higher below Erica than in soils
of control plots (Fig. 3). For instance, the Ahl horizons of
control and Erica plots have an average stone content of 36
and 45, respectively. In the Bw horizons of Erica and control
plots, stone contents increased to ca. 90 (Fig. 3). Bulk den-
sity of control soils was significantly higher than that below
Erica (Fig. S1, p=0.002).

Soil texture fractions are highly variable along the soil
depth of Erica and control profiles (Fig. S2). However, no
significant difference is obtained between Erica and the

754

Profiles

504 $ Control
E Erica

Stoniness (Vol. %)

254

Ah1  Ah2 Ah3  Bw  Ah1 Ah2 Ah3  Bw
Soil horizons

Fig.3 Stone content in soil horizons of all Erica and control sites,
estimated according to Bodenkundliche Kartieranleitung (2005). The
notched box plots indicate the median (solid lines between the boxes)
and interquartile range (IQR) with upper (75%) and lower (25%)
quartiles. The notches display the 95% confidence interval of the
median. The lines extending outside the box (whiskers) show vari-
ability outside the quartiles

Table 1 Topographic features

. Sites Latitude Longitude Elevation m asl ~ Exposition Inclination Stone cover of
and estimated surfgce stone surface (vol.
cover of (a) the Erica Plols %)

(E1-E5) on the Sanetti Plateau,

and (b) Erica-free control plots (a) (E1-E5) on the Sanetti Plateau

(C1-C5) on the Saneti Plateau El 68133 30.81968 4140 SE 50 80
E2 6.79183 39.81035 3900 S 3° 80
E3 6.78887 39.77353 3850 S 3° 25
E4 6.802583 39.78088 3940 NNE 30° 50
E5 6.8956 39.90972 3975 N 2° 60

(b) (C1-C5) on the Sanetti Plateau
C1 6.8193 39.81148 4150 SE 5° 0
C2 6.826067 39.8049 3920 S 3° 0
C3 6.78827 39.77207 3850 S 2° 0
C4 6.80228 39.78257 3900 N 3° 0
C5 6.89313 39.9092 3990 E 1° 0
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control plots. pH values range between 5.6 and 6.8 in Erica
and control soils (Fig. 4). However, the pH values do not
vary significantly between Erica and control plots, except
for the O layers below Erica, which show a slight decrease
in pH values (x=5.6). EC values vary between 45 and 198
uS cm™! below Erica and between 31 and 488 uS cm™! in
control soils (Fig. 4). Moreover, EC values decrease with
increasing soil depth in both Erica and control soil profiles.

g e

5.0 @

7.01

6.5

6.0

5.5

pH (H20)

4.5 . S J
O Ahl Ah2 Ah3 Bw O Ahl Ah2 Ah3 Bw

Soil horizons

Fig. 4 Electrical conductivity (EC) and pH in soil horizons of Erica
and control sites. The notched box plots indicate the median (solid
lines between the boxes) and interquartile range (IQR) with upper
(75%) and lower (25%) quartiles. The notches display the 95% con-

Soil organic carbon and nitrogen contents

TOC values of Erica plants show significantly higher values
than Helichrysum and Festuca (p =0.009) (Fig. 5). However,
there is no significant difference between the TOC contents
in the soils of Erica and control plots. Nevertheless, the min-
eral soil horizons of the Erica plots tend to have higher TOC
contents than the control profiles. TOC values of organic
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__:-200 ﬁ Erica
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100 ﬁ

= s

O Ah1 Ah2 Ah3 Bw O Ahl Ah2 Ah3 Bw
Soil horizons

fidence interval of the median. The lines extending outside the box
(whiskers) show variability outside the quartiles. The circles repre-
sent outliers
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Fig.5 Total organic carbon (TOC) and TOC/N ratio of plant leaves
and soil horizons of Erica and control sites. The notched box plots
indicate the median (solid lines between the boxes) and interquartile
range (IQR) with upper (75%) and lower (25%) quartiles. The notches
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display the 95% confidence interval of the median. The lines extend-
ing outside the box (whiskers) show variability outside the quartiles.
The circles represent outliers
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layers vary between 13 and 33% in control plots and range
from 23 to 46% in Erica plots. Moreover, the TOC values
of the Ah3 layers below Erica are higher (x=38.2%) than
those of the control plots (x=5.7%). Similar to TOC, the
N contents of Erica leaves are higher than those of Festuca
and Helichrysum (Fig. S3). In the organic and Ahl hori-
zons of control plots, N contents are slightly higher than
below Erica, while N in the other horizons is somewhat
enriched below Erica. N values, like TOC values, decline
with increasing depth in all soil profiles.

In soils, TOC/N ratios range from 10 to 45 below Erica
and 9-26 in control plots (Table S2). They are, in general,
significantly higher in Erica plots than in control plots
(»p=0.006). While TOC/N ratios in control soils drastically
decrease with increasing soil depth (from Ahl to Ah3),
they remain significantly high in Ah2 (»p =0.03) and Ah3
(p=0.01) soil horizons under Erica (Fig. 5).

Soil organic carbon and nitrogen stocks

Figure 6 depicts soil organic carbon stocks restricted to soil
depths of 0-30 cm, 0-50 cm, and the whole profile that con-
siders the profile's maximum depth in each plot. The results
show that, even if not statistically significant, SOC stocks are
slightly higher in control plots than in Erica plots (Fig. 6).

Black carbon

Our results demonstrate significantly higher BC contents
(related to sample: p=0.01 and related to TOC: p=0.02)
in Erica soils than in control soils (Fig. 7a, b). Moreover,
the BPCA pattern shows a higher contribution of B4CA,
B5CA, and B6CA and a lower percentage of B3CA in both

(©]
(@)
& 20
1 )
> Profiles
=
c 15 5} E Control
o N
2 E Erica
]
S0
° S —
(7]
(©]
o TR o
0-30 cm 0-50 cm whole profile
Soil depth

Fig.6 Soil organic carbon (SOC) in soil profiles under Erica and
control sites. The notched box plots indicate the median (solid lines
between the boxes), and interquartile range (IQR) with upper (75%)
and lower (25%) quartiles. The notches display the 95% confidence
interval of the median. The lines extending outside the box (whiskers)
show variability outside the quartiles. The circles represent outliers

Erica and control plots (Fig. S4). The BSCA/B6CA ratios
range from 0.63 to 1.39 below Erica and from 0.74 to 2.51
in the control plots (Fig. 7¢). Topsoils of control plots have
significantly higher BSCA/B6CA ratios (p =0.02) than the
Erica profiles. The Bw horizons of the control soils always
have lower BC and B6CA contents than those below Erica.

Stable isotopes

8'3C values of leaves sampled from the Erica and control
plots range between — 28.6 and — 23.8%o. Erica leaves have
significantly higher values than Festuca and Helichrysum
(p=0.03) (Fig. 8). 313C values vary between — 24.7 and
—22.3 in soils of Erica plots and from — 27 to — 22%o in
control plot soils, with the highest values recorded in Bw
horizons (Fig. 8). In general, §'3C values are significantly
higher in soils under Erica (p =0.02) than in control profiles,
and they increase with increasing soil depth in both Erica
and control plots. 8'°N values vary between — 6.5 and 0.1
in leaves (Fig. 8). Helichrysum and Festuca show higher
8N values than Erica leaves. Similarly, soils under Erica
shrubs reveal 8'°N values ranging from — 3.4 to 7.0%o, with
the highest values recorded in Bw horizons. Control plot
soil exhibits 8'°N values between — 2.7 and 9.0%o, with the
highest value recorded in Ah3 horizons (Fig. 8).

Discussion

Our results illustrate similarity in site exposition and envi-
ronmental features of Erica and control plots established per
site. The most striking difference is the high amount of boul-
ders covering the Erica plots. The Sanetti Plateau is char-
acterized by harsh climatic conditions with strong winds,
extreme solar radiation, heating, desiccation, and frequent
frost at night (Miehe and Miehe 1994; Wesche 2003; Groos
et al. 2022). Alpine plants adapt to such extreme conditions,
whereas woody plants face difficulties regulating the ambi-
ent temperature (Wesche 2003; Wesche et al. 2008; Korner
2012b). According to Korner (2012a, b), the upper tree
line is globally seen as controlled by the mean temperature
during the growing season. Therefore, we assume that the
big boulders positioned above the upper timber line of the
Erica belt protect the Erica patches against wind and pro-
vide warmth and shade, particularly for the Erica seedlings
(Wesche et al. 2008). On the other hand, afro-alpine plants
are rather shade-intolerant due to their high photosynthetic
light-compensation points (Billings and Mooney 1968;
Johansson et al. 2018). Therefore, Erica seedlings grow-
ing beside boulders may outcompete the afro-alpine plants
and mature into shrubs. This interpretation is supported by
Fig. 2d, which depicts Erica seedlings growing in the south
exposition alongside a single big boulder on a control plot.
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However, the Erica plants were confined to short stature due
to intensive grazing.

Groos et al. (2022) installed temperature data loggers at
the elevation range from 3493 to 4377 m asl. From these
temperature data loggers, four were installed at 10 cm depth
at our Erica (E1 and E2, TM09m and TM10m) and con-
trol (C1 and C2, TM08m and TMO07m) plots (see Fig. 1).
The results show no difference in the temperature pattern
between Erica and control plots (Fig. S5). At site 1, a high
temperature was recorded during the dry season, decreasing
during the rainy season at both Erica and control plots. In
contrast, at site 2, the temperature decreased during the dry
season and increased during the rainy season at both the
control and Erica plots. According to Groos et al. (2022), the
temperature difference between the sites can be attributed to
a difference in exposition. Nevertheless, since the number of
data loggers installed at our study sites was very low, further
studies are required to check whether there is a difference in
microclimate between Erica and the control plots.

Except for bulk density, TOC, TOC/N and BC, other bio-
geochemical proxies do not show a significant difference
between Erica and control plots. The significantly lower
soil bulk density under Erica could be caused by a high
organic matter content and increased stone contents (Fig. 3).
Even though statistically not significant, the lower pH values
recorded in soils of Erica plots (Fig. 4) can be explained
by the acidifying effects of the thick, slowly decomposing
Erica litter (Dahlgren et al. 1997). Nevertheless, pH val-
ues recorded in our Erica profiles are slightly higher than
those reported by Johansson (2013) from the Erica belt in
the Bale Mountains. These high pH values might be caused
by increased alkaline dust inputs from the surroundings on
the Sanetti Plateau. Moreover, the decrease of EC values
along soil depth in both Erica and control soil profiles might
be due to the ascendance of water and ions during the dry
period.

Higher soil TOC and N contents of Erica plots compared
to the control plots can be attributed to differences in quality
and quantity of the litter input (see Fig. 5 and S3, high TOC
and N values of Erica leaves) (Andrén and Kitterer 1997).
Furthermore, increased insolation on control plots (Miehe
and Miehe 1994) might support organic matter degradation,
whereas soils under Erica benefit from the shade provided
by large rocks and the Erica canopy. Moreover, the Ah3 and
Bw horizons at the bottom of the soil profiles of the control
plots contain less TOC and N than the control soils, which
may indicate that Erica was not a common vegetation com-
ponent on these plots in the past. Despite lower N values
of plant species growing on control plots, their O and Ah
layers show higher N values (Fig. S3), likely due to fecal N
input from grazing cattle (Baron et al. 2002; Johansson et al.
2012). High TOC/N values recorded in our Erica plots agree
with Mekonnen et al. (2019) and Zech (2006), reporting

that such high values characterize the Erica vegetation and
its soils at high elevations in other African Mountains. The
low TOC/N ratios, especially of the Ah3 and Bw horizons of
control plots, also support the interpretation that the control
plots have never been fully covered by Erica. Besides, the
higher TOC/N ratios of the mineral soils below Erica reflect
that Erica litter is less decomposed by soil microorganisms
(Jacob et al. 2015).

SOC and N stocks of Erica plots are partly lower than
those of control plots (Fig. 6; Fig. S3). This is mainly due to
their higher stone contents which are negatively correlated
with the SOC and N stocks (R=- 0.5). Furthermore, the
PCA results demonstrate the impact of stone contents on the
carbon and nitrogen stock accumulation (Fig. S6). Similarly,
Gebrehiwot et al. (2018) found higher SOC stocks in the
afro-alpine grassland soils of the Abune Yosef Mountain in
Northern Ethiopia compared to soils below the ericaceous
forest. In a study about soils under different vegetation in
the Bale Mountains, Yimer et al. (2006) noted higher carbon
stocks in 0.3—1 m soil depth below Erica. However, this
difference can be explained by the variability of climatic
conditions and environmental factors between the lower
elevation of the Erica belt and our high-elevation sites on
the Sanetti Plateau.

Our results further show that soils under Erica are
enriched in BC compared to soils of the control plots
(Fig. 7a, b). This indicates a higher amount of combustible
fuel on Erica plots than on control plots. Furthermore, the
significantly increased BC contents, especially of Ah2 and
Ah3 horizons in soils below Erica (Fig. 7a, b), support our
interpretation that Erica did not intensively cover these plots
previously. Otherwise, a higher accumulation of recalcitrant
BC would have been preserved during the burning of former
Erica shrubs.

In addition to BC contents, the relative contribution of
benzene polycarboxylic acids (BPCA) provides information
on fire temperature and fuel source (Schneider et al. 2010;
Wolf et al. 2013). For instance, benzene rings with four and
five carboxylic groups (B4CA and B5CA) are primarily
produced at low temperatures (~300 °C), whereas benzene
rings with six carboxylic groups (B6CA) are mainly pro-
duced at high temperatures (600 °C). Moreover, the BSCA/
BO6CA ratio is supposed to indicate the type of vegetation
burned in the area. According to Wolf et al. (2013), forest
ground and grass fires have BSCA/B6CA ratios of 1.5-2.0,
whereas shrub fires have BSCA/B6CA ratios of 0.8-1.7.
Our result correlates with the range suggested by Wolf
et al. (2013) for shrubs and grassland fires. Moreover, sig-
nificantly high BSCA/B6CA values in control plots indicate
low temperature, while low BSCA/B6CA values in Erica
plots indicate high combustion temperature. The latter is
attributed to the high flammability of Erica twigs due to
low moisture content and high concentrations of oils, waxes,
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and terpenes, which are readily volatile and contribute to the
energy released by burning. In contrast, Helichrysum, the
main vegetation constituent of the control sites, is naturally
less flammable (Johansson et al. 2012).

The 8'3C values of plants from our Erica and control
plots are within the range reported for C3 plants (Marshall
et al. 2007; Tiunov 2007) (Fig. 8). This is consistent with
results of our previous transect study in the Bale Moun-
tains reporting that the dominant plants including grasses,
growing between 2550 and 4377 m asl are characterized
as C3 plants (Mekonnen et al. 2019). However, the sig-
nificantly high 8'3C values of Erica plants (Fig. 8) seem
to contrast with the finding of the transect study (Mekon-
nen et al. 2019), where no significant difference between
Erica and other dominant plants could be identified. This
discrepancy might be due to the effect of elevation on §'*C
values and the different ways plants adjust their gas exchange
to mitigate the decline in atmospheric CO, pressure along
elevation (Korner et al. 1991). To prove this, we ran a cor-
relation analysis between elevation and &'>C values of domi-
nant plants from the transect study. The results showed that
elevation correlates positively with §!°C of Erica leaves
(R=0.5) but negatively with Festuca (R=-0.7), whereas
8!3C of Alchemilla leaves did not change with elevation.
The isotope pattern found for Erica in this study is in agree-
ment with the elevation effect (Korner et al. 1991), whereas
the isotope pattern of Festuca does not. A similar statistical
test was not possible for Helichrysum due to limited data.
Moreover, the relatively positive 8!C values of Erica leaves
from our Erica plots on the Sanetti Plateau might suggest
temporary water stress, e.g., during the dry season. In con-
trast, Festuca does not respond similarly, most likely due to
distinct physiological conditions that enable it to mitigate
water scarcity (Hedberg 1964). Moreover, the high stone
content of the soil profiles under Erica patches reduces the
plant-available water storage capacity. §'>C values of the O,
Ahl, and Ah2 horizons under Erica correspond to the values
of the Erica leaves. The more negative 5'°C values of these
horizons from control soils correlate with the negative 5'C
values of Helichrysum and Festuca. The increase from O to
Bw shows progressing organic matter mineralization with
increasing soil depth in both plots. This interpretation is sup-
ported by the negative correlation between 8'3C and carbon
stocks (Fig. $6). Generally, higher §'°N values in control
profiles correlate with high "N values of Helichrysum and
Festuca. The continual increase of 8'°N along soil depth is
attributed to the loss of 8'*N during microbial decomposi-
tion of organic matter (Natelhoffer and Fry 1988; Eshetu
2004; Andersson et al. 2012). Besides, the frequent vegeta-
tion fires at the high elevations of the Bale Mountains could
also be responsible for increased 85N values, recorded in
both Erica and control plot soils (Zech et al. 2011; Johans-
son 2013). Generally, higher 8'°N values in control profiles
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likely correlate with the high 8'°N values of Helichrysum
and Festuca, implying that control plots were previously
dominated by afro-alpine vegetation.

Conclusions

In this study, we examined potential factors responsible for
the patchy occurrence of Erica above the upper ericaceous
ecotone on the Sanetti Plateau, Bale Mountains. Apart from
the boulder cover, topographic features, soil texture, and
EC did not show significant differences between Erica and
control plots. High TOC and TOC/N values were recorded
below Erica and can be attributed to increased fresh organic
matter input. Still, slightly higher SOC stocks were calcu-
lated for the control plots due to their lower stone contents.
Erica leaves on the Sanetti Plateau were characterized by
more positive 8'3C values compared to leaves of Heli-
chrysum and grass growing on the control plots. This dif-
ference is also reflected in the soils, probably influenced by
water stress on the Erica plots. In addition, Erica sites are
characterized by high BC contents indicating a high amount
of combustible fuel at Erica plots. Low TOC, TOC/N ratio,
and BC contents but high BSCA/B6CA ratios in the control
plots indicate that Erica did not occupy the control plots
in former times. However, Erica shrubs growing between
the surface boulders appear to benefit from the improved
microclimate created by the big dark basal rocks and from
physical protection against grazing and fire. We conclude
that, in general, the soil conditions of most control plots
would allow the growth of Erica, but in the absence of
boulders, the microclimatic conditions above 3800 m asl
are too severe. Therefore, further investigations should focus
on a detailed assessment of the microclimate conditions,
soil moisture availability, and water potential of the Erica
patches on the Sanetti Plateau.
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