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interval (grey area), and significance value (p) as well as the 1:1 regression line (grey
line) are provided. The box plot to the right illustrates the offset of reconstructed RH to
actual RH for key stone plant species. The plots indicate the median (solid line between
the boxes), interquartile range (IQR) with upper (75%) and lower (25%) quartiles.
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Summary

Over the past decades, biomarkers (e.g. lignin, lipids) and stable isotopes (e.g. *H and '*0) were
increasingly used to reconstruct vegetation and climate changes. Hitherto, factors affecting the
abundance and distribution of biomarkers and their stable isotope composition are not similar
worldwide and regional calibration studies are, therefore, highly recommended. The main aim
of this Ph.D. dissertation is to evaluate the potential and limitations of biomarkers and their
stable isotope composition for chemotaxonomic characterization of the keystone plant species
in the Bale Mountains, Ethiopia, and its implication for paleovegetation and paleoclimate
reconstruction. More specifically, I focused on lignin-derived phenols, leaf wax-derived
n- alkanes, stable isotopes in precipitation (§?Hprec and 8'%Oprec), and compound-specific stable
isotopes (8H-alkane and 8'®Ogyear). Mild alkaline cupric oxide (CuO) oxidation method was used
to extract phenolic compounds. Leaf wax-derived n-alkanes have been Soxhlet-extracted and
purified using aminopropyl columns from leaves and topsoils (O-layers as well as Ax-horizons).
Individual phenols and n-alkanes were separated by gas chromatography (GC) and detected by
mass spectrometry (MS) and flame ionization detector (FID), respectively. The §*Hprec and
5'80prec values were measured using a Thermo Conversion Unit coupled with a ConFlo IV
interface to an isotope ratio mass spectrometry (IRMS). Compound-specific °H-alkane and
5'80sugar values were measured using gas chromatography - thermal conversion - isotope ratio

mass spectrometry (GC-TC-IRMS).

While conventional phenol ratios such as syringyl vs. vanillyl (S/V) and cinnamyl vs. vanillyl
(C/V) phenols failed for unambiguous Erica identification, using machine-learning approaches,
we found that the relative abundance of coumaryl phenols (> 0.2) and benzoic acids (0.05-0.12)
can be used as a proxy to distinguish Erica from other keystone plant species. Erica in particular
is characterized by relatively high cinnamyl contributions of >40%. However, litter
degradation strongly decreases the lignin phenol content and changes the lignin phenol pattern.
The relative cinnamyl contribution in the soils under Erica were < 40%, while soils that

developed under Festuca abyssinica exhibited relative cinnamyl contributions of > 40%.

Similarly, long-chain n-alkanes extracted from the leaf waxes allowed a differentiation between
Erica versus Festuca abyssinica and Alchemilla haumannii, based on a lower C31/Ca9 ratio
(X = 1.7) in Erica. Nevertheless, this characteristic plant pattern was also lost due to degradation

in the respective O-layers and Ap-horizons.

At the first hand, the isotope composition of precipitation in the Bale Mountains shows values

for 8*Hprec and 8'8Oprec in the range of —38 to +29%o and —8.7 to +3.7%o, respectively. The local
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meteoric water line (LMWL, 8°H = 5.3 # §'3%0 + 14.9) is characterized by a lower slope and
higher intercept compared to the global meteoric water line (GMWL, §°H = 8 * §'%0 + 10).
Furthermore, our isotope data correlate significantly with altitude and amount of precipitation.
At the same time, §'Oprec and 8?Hpree values exhibited seasonal pattern reflecting rainy versus
dry season. Thus, shortly after the end of the dry season, isotope values were enriched, while
more depleted isotope values coincided with high precipitation amounts recorded in May,
August, and September. The Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model revealed that during the dry season water vapour originates primarily from
the Arabian Sea, whereas during the wet season it originates primarily from the Southern Indian

Ocean.

On the other hand, the weighted mean 8°H -aiane and 8'®Ogygar values ranged from —186 to —89%eo
and from +27 to +46%o, respectively and exhibited a much wider range than §'®Oprec and §?Hprec.
The 8*Hy-aikane and 8'®Ogygar values of leaves, O-layers, and An-horizons are statistically not
significantly different from each other. Hence, in contrast to the biomarker contents and
patterns, our dataset provides no evidence for degradation and/or root input affecting the isotope
composition of the biomarkers of topsoils. The keystone plant species in the Bale Mountains
are characterized by variable values of 8?H -aiane as well as apparent isotope fractionation (gapp);
5% 0sugar yielded the same species-dependent trends. When considering a systematic
biosynthetic fractionation offset of —160%o and +27%o for 8’H-aikane and 8'*Osygar, respectively,
leaf water of Erica arborea and Erica trimera is *H- and '*O-enriched by +55 £ 5 and +9 + 1%o,
respectively, compared to precipitation. By contrast, Festuca abyssinica reveals the most
depleted 8°H-aikane and 8'8Osugar values. This can be attributed to “signal-dampening” caused
by basal grass leaf growth. The intermediate values for Alchemilla haumannii and Helichrysum
splendidum can be explained by plant physiological or microclimatic conditions affecting
relative humidity (RH) and thus leaf water enrichment. Once the isotope composition of leaf
water calculated, it is possible to reconstruct the isotope composition of source water, deuterium
excess and RH using coupled 8°Hy-aikane-0'*Osugar approach. While the actual RH values range
from 69 to 82% (X = 80 + 3.4%), the reconstructed relative humidity, based on a recently
suggested coupled &’Hy-alkane-0'%Osugar (paleo-) hygrometer approach yielded a mean of
78+21%.

In conclusion, chemotaxonomic differentiation of modern-day plants (leaves) is possible using
phenols and n-alkanes but soil degradation processes and root input seem to render the proxies

unusable for the reconstruction of the past extent of Erica in the Bale Mountains. Similarly,
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vegetation changes, particularly in terms of grass versus non-grassy vegetation, need to be
considered in paleoclimate studies based on 8°Hy-aikane and 8'*Osugar records. Furthermore, our
82Hprec and 8'80yrec results challenge the traditional amount effect interpretation of paleoclimate
isotope records from Eastern Africa and rather pinpointed to a previously underestimated source
effect. And, the coupled 6”H-aikane-0'®Osugar (paleo-) hygrometer approach holds great potential

for deriving additional paleoclimatic information compared to single isotope approaches.
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Zusammenfassung

Innerhalb der letzten Jahrzehnte kommen Biomarker (z.B. Lignin, Lipide) und Stabilisotope
(z.B. *H and '80) immer mehr zur Rekonstruktion von Vegetation- und Klimawandel zum
Einsatz. Bisher sind die Faktoren, welche Haufigkeit und Verteilung dieser Proxies
beeinflussen, wenig bekannt undweltweit nicht vergleichbar, daher werden regionale
Kalibrierungen bendtigt. Das Hauptziel dieser Promotion ist die Identifizierung des Potenzials
von Biomarkern und stabiler Isotope im Hinblick auf 1. die chemotaxonomische
Charakterisierung der dominierenden Pflanzenarten in den Bale Bergen Athiopiens und 2.
beziiglich der Rekonstruktion von Paldoklima und Paldovegetation. Der Fokus liegt auf Lignin-
biirtigen Phenolen, Blattwachsbiirtigen n-Alkanen, Stabilisotopen im Niederschlag (§?Hprec and
5'%0prec) und substanzspezifischen Stabilisotopen (8*Hy-aikane and 8'®Osygar) in Pflanzen und
Oberboden. Mit einem milden alkalischen Kupferoxid-(CuO)-Oxidationsverfahren wurden
Phenolverbindungen extrahiert. Blattwachsbiirtige n-Alkane wurden unter Verwendung von
Soxhlet- und Aminopropylsdulen aus Blittern und Oberbdden (O-Lagen sowie An-Horizonte)
extrahiert und aufgereinigt. Einzelne Phenole wund #n-Alkane wurden mittels
Gaschromatographie (GC) getrennt und durch Massenspektrometrie (MS) bzw.
Flammenionisationsdetektion (FID) nachgewiesen. Die Werte fiir §°Hprec und 8'®Oprec wurden
unter Verwendung einer Thermokonversionseinheit gemessen, die mit einer ConFlo IV-
Schnittstelle an ein Isotopenverhiltnis-Massenspektrometer (IRMS) gekoppelt war. Die
substanzspezifischen 8*Hy-akane and 8'®*Oguga-Werte wurden unter Verwendung einer
Gaschromatographie—Pyrolyse—Isotopenverhéltnis—Massenspektrometrie (GC-TC-IRMS)

gemessen.

Wihrend herkdmmliche Phenolverhéltnisse wie Syringyl- zu Vanillyl-Phenole (S/V) und
Cinnamyl- zu Vanillyl-Phenole (C/V) bei der eindeutigen Identifizierung von Erica versagten,
fanden wir, dass die relativen Beitrige von Vanillyl-, Syringyl- und Cinnamylphenolen eine
chemotaxonomische Unterscheidung rezenter Pflanzenarten der Bale Berge ermoglichen. Die
relative Haufigkeit von Coumarylphenolen (> 0,2) und Benzoesduren (0,05—0,12) kann als
Proxy verwendet werden, um Erica von anderen Schliisselpflanzenarten zu unterscheiden.
Insbesondere Erica zeichnet sich durch relativ hohe Cinnamylbeitrdge von >40% aus. Der
Streuabbau verringert jedoch die Ligninphenolgehalte stark und verdndert die
Ligninphenolmuster. Die relativen Cinnamylbeitrige in den Boden unter Erica betrugen <40%,
wiéhrend Boden, die sich unter Festuca abyssinica entwickelten, relative Cinnamylbeitrdge von

> 40% aufwiesen.
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In dhnlicher Weise ermdglichten langkettige n-Alkane, die aus den Blattwachsen extrahiert
wurden, basierend auf niedrigeren C31/Caxo-Verhiltnissen (X =1.7) in Erica die Unterscheidung
zwischen Erica und Festuca abyssinica sowie Alchemilla haumannii. Dieses charakteristische
Pflanzenmuster ging jedoch auch durch Abbau in den jeweiligen O- und Ap-Horizonten

verloren.

Die Isotopenzusammensetzung des Niederschlags in den Bale Bergen zeigte Werte fiir 8?Hoprec
und 8'80prec von —38 bis + 29%o bzw. —8,7 bis + 3,7%o. Die lokale meteorische Wasserlinie
(LMWL, 8*H =5.3 # §'%0 + 14.9) ist im Vergleich zur globalen meteorischen Wasserlinie
(GMWL, ®H =8 #8'8 0+ 10) durch eine geringere Steigung und einen hoheren
Achsenabschnitt gekennzeichnet. Dariiber hinaus korrelieren unsere Isotopendaten signifikant
mit der Héhe {i. NN und der Niederschlagsmenge. Gleichzeitig zeigen §'®Oprec und §*Hprec €in
saisonales Muster in Abhéngigkeit von Regen- oder Trockenzeit. So zeigten sich kurz nach dem
Ende der Trockenzeit angereicherte Isotopenwerte, wahrend abgereicherte Isotopenwerte mit
hohen Niederschlagsmengen zusammenfielen, die im Mai, August und September
aufgezeichnet wurden. Das HYSPLIT-Modell (Hybrid Single Particle Lagrangian Integrated
Trajectory) zeigt, dass Wasserdampf wihrend der Trockenzeit hauptsdchlich aus dem
Arabischen Meer stammt und wéhrend der Regenzeit hauptsdchlich aus dem siidlichen

Indischen Ozean.

Andererseits schwanken die gewichteten mittleren §?°Hy-aikane and 8'®Ogugar-Werte von —186 bis
—89%o0 bzw. von +27 bis + 46%o und zeigen somit einen viel breiteren Bereich als §'®Oprec und
8?Hprec. Die 8°Hy-alkane und 8'®Ogygar -Werte von Blittern, O- und Ap-Horizonten unterscheiden
sich statistisch nicht signifikant. Im Gegensatz zu den Biomarkergehalten und —mustern, liefert
unser Datensatz daher keine Hinweise, dass Humusabbau und/oder Wurzelzufuhr die
Isotopenzusammensetzung der Biomarker in Oberbdden beeinflusst. Die dominierenden
Pflanzen der Bale Berge zeigen unterschiedliche §*Hy-aiane-Werte, sowie eine offensichtliche
Isotopenfraktionierung (eapp); 8'°Osugar zeigt die gleichen speziesabhingigen Trends. Unter
Beriicksichtigung einer systematischen Biosynthesefraktionierung von —160%o und + 27%o fiir
82 Hy-alkane bzw. 8'Osygar ist das Blattwasser von Erica arborea und Erica trimera im Vergleich
zum Niederschlag mit +55 + 5%o bzw. +9 £ 1%o *H- und '®O-angereichert. Im Gegensatz dazu
zeigt Festuca abyssinica die am stirksten abgereicherten 8°H,-aikane and 8'8Osugar-Werte. Dies
ist auf eine Signalddmpfung zuriickzufiihren, die durch das Wachstum der basalen Grasblétter
verursacht wird. Die mittleren 8*Hy-aikane and 8'Osugar-Werte fiir Alchemilla haumannii und

Helichrysum splendidum lassen sich moglicherweise mit pflanzenphysiologischen oder
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mikroklimatischen Bedingungen erkldren, die die relative Luftfeuchtigkeit und damit die
Blattwasseranreicherung beeinflussen. Sobald die Isotopenzusammensetzung des Blattwassers
berechnet ist, ist es moglich, die Isotopenzusammensetzung von Niederschlagswasser,
Deuteriumiiberschuss und relativer Luftfeuchtigkeit unter Verwendung eines gekoppelten 6°H,.-
alkane-0'%Osugar-Ansatzes  zu  rekonstruieren. Wihrend die gemessenen relativen
Luftfeuchtigkeitswerte zwischen 69 und 82% liegen (X =80+ 3,4%), ergaben die
rekonstruierten Werte der relativen Luftfeuchtigkeit, basierend auf einem kiirzlich
vorgeschlagenen  gekoppelten  8°Hj-aikane-8'*Osugar-(Paléio-)Hygrometer-Ansatz,  einen

Mittelwert von 78 £+ 21%.

Zusammenfassend lédsst sich sagen, dass eine chemotaxonomische Differenzierung rezenter
Pflanzen (Blétter) unter Verwendung von Phenolen und #n-Alkanen moglich ist.
Bodenabbauprozesse und Wurzeleintrdge verdndern jedoch die Proxies, so dass sie fiir die
Rekonstruktion des friiheren Ausmalles des Erica-Bestinde in den Bale Berge nicht geeignet
sind. Folglich miissen Vegetationsdnderungen, insbesondere in Bezug auf Gras im Vergleich
zu nicht grasartiger Vegetation, in Palioklima-Studien, basierend auf §*Hy-aikane und 8'*Osygar-
Analysen, beriicksichtigt werden. Dariiber hinaus stellen unsere &*Hpree- und 8'Oprec-
Ergebnisse die traditionelle Interpretation des Mengeneffekts von Paldoklima-
Isotopenaufzeichnungen aus Ostafrika in Frage und weisen eher auf einen zuvor unterschétzten
Quelleneffekt hin. Der gekoppelte §*Hy-aikane-0'3Osugar ~(Paldo-)Hygrometer-Ansatz bietet im
Vergleich zu Einzelisotopanséitzen ein groles Potenzial fiir die Ableitung zusédtzlicher

paldoklimatischer Informationen.
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1. Introduction
1.1 Background

The present extent of the vegetation cover in the Bale Mountains (Mts) is the result of
subsequent historical and ecological processes mainly influenced by climate change and/or
human-induced driving factors such as fire and grazing (Heiri et al., 2006; Miehe and Miehe,
1994; Umer et al., 2007). This globally important ecosystem is still increasingly under threat of
climate changes and human impacts (Kidane et al., 2012). To better realise how different
ecosystems will react to accelerating global warming (IPCC, 2001) and population
growth/human occupation (Ossendorf et al., 2019), it is vital to understand their past dynamics.
However, natural versus human impact on vegetation dynamics at high altitudes is difficult to
quantify and still speculative (Heiri et al., 2006; Jansen et al., 2010). To prove those
speculations, a DFG project was developed to disentangle the Mountain Exile Hypothesis “How
humans benefited from and re-shaped African high altitude ecosystems during Quaternary
climate changes”. In this dissertation, I focused on identifying the potential and constraints of
biomarkers and their stable isotopes regarding (a) the chemotaxonomic characterization of the
dominant (keystone) plant species, (b) the spatial and temporal variation of stable isotopes in
the contemporary precipitation, and (c) on the evaluation of how accurately and precisely the
isotope composition of precipitation is imprinted in biomarkers, importantly to provide
calibration studies for a semi-quantitative reconstruction of the Late Quaternary paleoclimate

and paleovegetation history of the Bale Mts.

Although the vegetation pattern and history of the Bale Mts in Ethiopia were reconstructed
using pollen records from lacustrine sediments and peat deposits (Bonnefille and Hamilton,
1986; Bonnefille and Mohammed, 1994; Hamilton, 1982; Umer et al., 2007), little has been
known about the former extent of Erica shrub across the Sanetti Plateau. Umer et al. (2007)
described a sediment core retrieved from Garba Guracha, glacial lake at 3950 m a.s.l and found
that just after the start of the Holocene, Ericaceous vegetation extended across the Sanetti
plateau, in response to increased moisture and temperature. Subsequently, after 6 cal kyr BP
Erica shrub and trees retreated in area and altitude in response to aridity. Since 4.5 cal kyr BP,
the Afro-alpine vegetation expanded across the Sanetti plateau being dominated by dwarf
shrubs (e.g. Helichrysum splendidum, Alchemilla haumannii, Lobelia rhynchopetalum) and

grasses (e.g. Festuca abyssinica).

One of the main problems of pollen-based vegetation reconstruction is pollen preservation can

be biased by the dispersal potential of pollinators (Hicks, 2006; Jansen et al., 2010; Ortu et al.,
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2006). To overcome such a drawback, we tested the applicability and chemotaxonomic roles of
sixteen lignin-derived phenolic compounds and leaf wax-derived n-alkane biomarkers in
locally dominant plant species of the Sanetti plateau, Bale Mts. We argue that biomarkers are
organic compounds with a known origin, which are not influenced by the dispersal of parent
materials and can be extracted from nearly all types of (paleo-)environmental archives and
reflect more of the standing vegetation (Eganhouse, 1997; Glaser and Zech, 2005). Therefore,
they offer the potential to complement pollen-based vegetation reconstructions and detect

vegetation change at a higher temporal and spatial resolution.

Polyphenols are the most widespread class of secondary metabolites, and ubiquitous in their
distribution (Singh, 2016). Phenolic compounds are a major component of terrestrial vascular
plants (Ertel and Hedges, 1984) and may show lignin and non-lignin-derived biochemical
structures. Phenols in general and lignin, in particular, are essential for the survival of vascular
plant and provide strength and rigidity to the plant, important for cell wall formation, defense
against pathogens, and environmental stress (Akula and Ravishankar, 2011; Mika et al., 2005;
Thevenot et al., 2010). Phenolic compounds exhibited significant qualitative and quantitative
variation among plant kingdoms and have been used extensively in botanical chemotaxonomic
studies (Hakulinen et al., 1995; Mika et al., 2005; Nichols-Orians et al., 1993; Witzell et al.,
2003).

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 (Castafieda et
al., 2009; Hedges et al., 1988; Tareq et al., 2006, 2004; Ziegler et al., 1986). For instance, low
ratios of S/V ~ 0 were considered as a proxy of gymnosperms and high values of S/V ratios
were found to be indicative for the presence of 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)y and syringyl units (Ac/Al)s were suggested as proxies for
quantifying the degree of lignin degradation (Amelung et al., 2002; Hedges and Ertel, 1982;
Moller et al., 2002).

n-Alkanes are important constituents of epicuticular plant leaf waxes (Kolattukudy, 1970),
where they serve to protect the plants against excessive evaporation, 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; that’s why they received increasing scientific attention
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during the last decades as molecular markers to trace the origin of organic matter and as proxies
for paleoclimate studies (Asia et al., 2009; 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 Ca9 are sourced predominately from trees and
shrubs, whereas homologues C31 and Cs3 are sourced predominately from grasses and herbs
(Maffei, 1996; Maffei et al., 2004; Rommerskirchen et al., 2006; Schéfer et al., 2016; Zech et
al., 2009). Moreover, long-chain n-alkanes (Cz7 and Cs3) with a strong odd-over-even
predominance (OEP) are an important constituent of terrestrial plant leaf-waxes (Kolattukudy,
1970; Zech et al., 2009), whereas short-chain (Cis to Ci9) and middle-chain n-alkanes (Czo to
C»s) are mostly found in aquatic organisms (Ficken et al., 1998; Zhang et al., 2004). However,
the potential pitfalls when applying n-alkanes in paleovegetation studies should not be
overlooked. For instance, caution has to be given against the chemotaxonomic application of
n-alkanes because of high n-alkanes pattern variability within graminoids and woody plants
(Bush and Mclnerney, 2013) as well as for the effect of degradation (Zech et al., 2011b, 2013a).
Therefore, Schéfer et al. (2016) emphasised the need for establishing regional n-alkanes

calibration studies.

Stable isotopes in precipitation (*H, 'O, and '®0) and compound-specific stable isotopes
(8°H.- alkane and 8'¥Oqyar) are useful proxies to understand the modern-day atmospheric circulation
patterns (Araguas-Araguas et al., 2000; Rozanski et al., 1996) and valuable proxies for
paleoclimate and paleoenvironmental studies (Eglinton and Eglinton, 2008; Zech et al., 2014;
Zech and Glaser, 2009). The variation of 3*Hprec and 8'®Oprec results from isotope fractionation
that occurs during evaporation and condensation along the hydrological cycle (Araguds-
Araguas et al., 2000; Dansgaard, 1964). Apart from this, other sites and climatic factors such
as latitude, altitude, distance to the coast, temperature, relative humidity, wind, cloud, rain size,
rain type, size and type of convection as well as source and amount of precipitation are factors
influencing the isotope composition of precipitation (Aggarwal et al., 2016; Araguas et al.,
1996; Araguas-Araguas et al., 2000; Dansgaard, 1964; Kurita, 2013). The seasonal migration
of the Inter-Tropical Convergence Zone (ITCZ) coincides with a marked seasonality effect in
the isotope composition of precipitation (Araguas-Araguas et al., 2000; Mohamed et al., 2005;
Nicholson, 1996). This variation of stable isotopes in precipitation is also reflected in the isotope

composition of leaf wax-derived n-alkanes (3*°H) and hemicellulose-derived sugar (5'*0) (Hepp et al.,

2017a; Tuthorn et al., 2015; Zech et al., 2013b) and can thus be used for paleoclimate studies.
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1.2 Study Objectives

The present dissertation is part of the DFG research unit 2358 “The Mountain Exile Hypothesis

- How humans benefited from and re-shaped African high altitude ecosystems during

Quaternary climate change”, within Sub-project 5: Paleoclimatology aims at contributing to a

semi-quantitative reconstruction of the Late Quaternary paleoclimate history of the Bale Mts in

Ethiopia. My dissertation focusses on identifying the potential and limitations of biomarkers

and stable isotopes for chemotaxonomy and paleoclimate reconstruction in the Bale Mts,

Ethiopia. More specifically, it aims to answer the following research questions:

L

IL.

I1I.

IV.

VL

VIIL

VIIL

IX.

Do plant-derived phenols and n-alkanes allow a chemotaxonomic differentiation of
the contemporary keystone plant species of the Bale Mts? (MS 1 and 2)

Are the biomarker patterns of the plants reflected by and incorporated into the
respective topsoils? (MS 1)

Which implications have to be drawn from those results for the planned paleoclimate
and paleovegetation reconstruction mainly concerning the reconstruction of the
former extent of Erica shrubs? (MS 1 and 2)

Are there any characteristic altitude and amount effects discernible in the 2H/'*0
isotope patterns of precipitation in the Bale Mts? (MS 3)

Is there a characteristic seasonal 2H/'80 isotope pattern of precipitation in the Bale
Mts? (MS 3)

Is it possible to trace the moisture sources for the Bale Mts and thus to contribute to
a better understanding of the modern-day atmospheric circulation patterns? (MS 3)
Are there systematic 8°H-alkane and 8'®Osugar differences between leaves, O-layers,
and An-horizons? (MS 4)

Do the 2H/'80 isotope patterns of n-alkane and sugar biomarkers in leaves and
topsoils reflect the isotope signature of the precipitation? (MS 4)

Are there any systematic 8*Hy-alkane and 8'8Osugar differences among the keystone
plant species? (MS 4)

Does the application of the coupled &*Hy-aikane-0'®Osugar (paleo-) hygrometer
approach provide any additional paleoclimate information compared to the single

isotope approaches? (MS 4)
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2. Study area

2.1 Geomorphological Setting

The Bale Mts belong to the Bale-Arsi mountain massif located 400 km southeast of Addis
Ababa, capital of Ethiopia (Fig. I). It is geographically situated between 39°03" to 40°00’
longitude (E) and between 6°29' to 7°10' latitude (N) with an elevation ranging from
1400— 4377 m a.s.l. (Hillman, 1986). The Bale Mts comprise an area of 2,600 km?, which
forms one of the most extensive high altitude plateaus called Sanetti (above 3000 m a.s.l.) in
Africa (Hillman, 1988; Kidane et al., 2012; Tiercelin et al., 2008). The lava outpouring around
40 million years ago resulted in the formation of the mountains and ridges up to 4377 m a.s.l.
(Mohr, 1961). Since the crust of the Bale Mts is of volcanic origin, the soils which are developed
from the basaltic, rhyolitic, and trachytic parent rock, can be generally characterized as silty
loams of reddish-brown to black colour (Woldu et al., 1989). Nevertheless, the areas higher
than ~3500 m a.s.l were substantially flattened and influenced by repeated glaciations (between
~50 — 30 and around 20 — 12 cal kyr BP) as documented by moraines, solifluction covers and
kettles (Groos et al., 2020; Ossendorf et al., 2019). The soils developed from glacial deposits
are usually shallow and stony (Hedberg, 1964; Osmaston et al., 2005). Andosols are the most
ubiquitous soil types but also Cambisols and Leptosols are prevalent in some parts of the Bale
Mts. In the wetlands and sedimentary basins Gleysols and Histosols (Billi, 2015; Yimer et al.,

2006), and in the rock shelters Anthrosols (Ossendorf et al., 2019) are also a common soil type.

The Bale Mts are topographically divided into three major parts: The Northern slopes
(3000- 3800 m. a.s.l.), the Sanetti plateau (3800—4377 m a.s.l), and the Southern Harenna
escarpment (1400-3800 m. a.s.l.). The Sanetti Plateau is placed in the center, on which the
second highest peak of the country Mt. Tulu Dimtu (4377 m a.s.l.), is located. The northern
slope of the mountains is dissected by the Togona Valley, which descends towards the extensive
Arsi Plateau and further down to the central Ethiopian Rift Valley lowlands, which divide the
country into two parts. The Southern slope includes the steep Harenna escarpment and goes

down to the surrounding lowland at about 1400 m a.s.l. (Hillman, 1988; Tiercelin et al., 2008).
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Fig. I: Map showing the location of Ethiopia in Africa, location of the Bale Mountains National
Park (BMNP) in Ethiopia, and location of sampling points and weather stations in the
BMNP.

2.2 Climate

The Bale Mts are a historically vulnerable ecosystem influenced by extreme climate changes
over the past geological time. This is mainly reflected in vegetation changes, moisture and
temperature fluctuations (Osmaston et al., 2005; Umer et al., 2007). The climatic conditions of
the Bale Mts mainly depend on orography. Such orographic and topographical differences
result in a wide range of temperature and rainfall distribution in the northern, central, and
southern aspects (Kidane et al., 2012; Tiercelin et al., 2008). Albeit there is a wider variability
of climate in the Bale Mts, only a few records were reported. In this dissertation, I also report
some recent records gathered from ten newly installed weather stations across the Bale Mts.
The highest mean annual temperatures range between 6 to 12 °C in the mountain peaks. At
Dinsho (Bale Mountains National Park Headquarter, 3170 m a.s.l.) the mean annual
temperature (MAT) is 11.8 °C. The lowest MAT range from 0.6 to 10 °C, with frequent frost
occurring on the high plateau areas during the winter season (November to January) (Hillman,

1986; Miehe and Miehe, 1994; Tiercelin et al., 2008). The Afro-alpine region of the Bale Mts
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(mainly Sanetti Plateau) is characterized by high diurnal temperature differences with a range
of 40 °C (=15 °C to + 26 °C), that resemble summer in the day and winter in the night (Hillman,
1988, 1986). The lowest temperatures are recorded during the dry season, whereas during the

wet season nights are warmer and days are cooler (Bonnefille, 1983; Hillman, 1988).

Precipitation of the Bale Mts originates from different sources, mainly from equatorial
westerlies, the Mediterranean Sea, and the Indian Ocean (Miehe and Miehe, 1994; Viste and
Sorteberg, 2013). Seasonal migration of the ITCZ results in a long rainy season (March to
October) and a short dry season (November to February) (Admasu et al., 2004; Kidane et al.,
2012). The wet season is characterized by a slightly bimodal rainfall pattern, which is associated
with the convergence of the southwest and northeast airstreams (Bonnefille, 1983). In summer
(June to September), the ITCZ is located north of Ethiopia and the northwest and central part
of the country receives precipitation via south-westerly and southerly monsoon airflows.
Between October and March, the ITCZ is located south of Ethiopia and induces southward
airflow originating from the Arabian Sea and the Northern Indian Ocean bringing moisture up
to southeastern plateau and producing rainfall during October (Tiercelin et al., 2008). The
highest precipitation occurs in the southern part of the mountains with 1000-1500 mm year ',

whereas the northern part of the mountains receives annual rainfall ranging between 800—1000

mm year | (Bonnefille, 1983; Tiercelin et al., 2008; Woldu et al., 1989).

Since the beginning of 2017, ten newly installed weather stations enabled us to record the
contemporary weather data across the Bale Mts. Accordingly, the southern escarpment is
warmer than the northern declivities with a MAT of 22 °C at Delo Mena station (1304 m a.s.l.).
The Sanetti Plateau is the coldest region of the Bale Mts with a MAT of 2 °C at Tulu Dimtu
station (4375 m a.s.l.). The present MAT record at Dinsho station is 11 °C, which supports
previously reported records in literature (Hillman, 1986; Miehe and Miehe, 1994; Tiercelin et
al., 2008). Mean annual relative humidity at 2 meters above the ground ranges from 67 to 87%.

1

1228 mm year ~' was the highest mean annual precipitation over the last three years and

recorded at Magnete station (1580 m a.s.l).

2.3 Biota

The Bale Mts are part of the Eastern Afromontane biodiversity hotspot area and a habitat for
more than 1300 vascular flowering plants, of which 163 are endemic to Ethiopia and 27 of them
are restricted to the Bale floristic region (Dullo et al., 2015; Williams et al., 2004). The
distribution and abundance of the contemporary vegetation in the Bale Mts are shaped partly
by human intervention, long distance dispersal events (migrations) and often emphasize the

8
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landforms and paleoclimate (Assefa et al., 2007; Kebede et al., 2007; Osmaston et al., 2005).
Diverse topographic variations in the Bale Mts form an altitudinal zonation’s of the vegetation,
which are dependent on slope, aspect, soils, and climate (Hillman, 1988). In broad terms,
floristically the mountains, particularly within the National Park, are divided into three
topographic regions. The southern escarpment (1400-3800 m a.s.l.) is delineated by the moist
Afromontane Harenna forest, Ericaceous belt, and Afro-alpine vegetation, whereas the central
Sanetti plateau (38004377 m a.s.l.) is dominated by a sparse Afro-alpine vegetation and the
northern slope (30003800 m a.s.l.) encompasses dry Afromontane forest, Gaysay grassland,

Ericaceous belt, and Afro-alpine zones (Friis, 1986; Hillman, 1988; Miehe and Miehe, 1994).

The Afro-alpine regions of the Sanetti Plateau are characterized by tussock grassland, cushion-
forming plants and dwarf shrubs and herbaceous plants (e.g., Festuca abyssinica, Helichrysum
citrispinum, Helichrysum splendidum, Alchemilla haumannii, and Lobelia rhynchopetalum)
(Hedberg and Hedberg, 1979). The Ericaceous belt (3300—3800 m a.s.l.) comprises forests,
thickets, and scrublands of Erica trimera and Erica arborea with mosses and grasses
dominating in the ground layer. The Harenna forest (1500-3300) is a natural remnant of a moist
Afromontane forest dominated by broadleaved evergreen trees and clustered floristically into
two different classes. Around 1500-2300 m a.s.l. the forest is dominated by Podocarpus
falcatus associated with Croton macrostachyus, Pouteria adolfi-friederici, Syzygium guineense,
Warburgia ugandensis, and worth noting is also Coffea arabica. Between 2300-3200 m a.s.l.,
Oldeania alpina, Hagenia abyssinica, Hypericum revolutum, Erythrina brucei, Prunus
africana, and Schefflera volkensii are the dominant plants (Friis, 1986; Hillman, 1988, 1986;
Miehe and Miehe, 1994; Woldu et al., 1989). The northern slopes are dominated by scattered
Juniperus procera, Hagenia abyssinica, and Hypericum revolutum woodlands and Gaysay
grasslands rich in Artemisia afra, Ferula communis, and Kniphofia foliosa, with the Erica belt

above the treeline (3400 m a.s.l.).

Furthermore, over 50 wild mammal species (20% endemic), more than 180 wild bird species,
of which 15 are endemic to Ethiopia, and 14 amphibian species are inhabiting the Bale Mts.
This all makes the Bale Mts a centre for faunal diversity and holds the highest rate of animal
endemicity for a terrestrial habitat anywhere in the world (Hillman, 1988). The Bale Mts are
known mainly by its flagship mammals like Mountain Nyala (7Tragelaphus buxtoni), Ethiopian
Wolf (Canis simensis), Giant mole rat (Tachyoryctes macrocephalus), Menelik’s bushbuck

(Tragelaphus scriptus menelik), and Rock hyrax (Procavia capensis capillosa Brauer)

(Hillman, 1988; Williams et al., 2004).
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3. Analytical methods
3.1 Sample collection and preparation

Leaves (n = 47), organic surface layers (O-layers, litter, n = 15), and mineral topsoils
(An-horizons, n = 22) were sampled, then air-dried, homogenized, sieved using a mesh size of
2 mm, finely ground and finally subjected to biogeochemical analyses (study 1, 2 and 4). 164
precipitation samples (study 3) were collected biweekly since February 2017 using custom-
built rain gauges from ten weather stations established along an altitudinal transect ranging

from 1304 to 4375 m a.s.l.

3.2 Lignin phenols analyses

Sixteen phenolic compounds were extracted from 35, 50, and 500 mg of leat/twig, O-layer, and
An-horizon soil samples, respectively, using cupric oxide (CuO) oxidation method developed
by Hedges and Ertel (1982) and modified by Gofii and Hedges (1992). Briefly, the samples
were transferred into Teflon digestion tubes together with 100 mg of (NH4)2Fe(SO4)2:6H20,
500 mg of CuO, 50 mg of C¢H1206, 1 mL of ethylvanillin solution (100 mg L) as first internal
standard and 15 mL of 2M NaOH and digested at 170 °C for two hours under elevated pressure.
Reaction products were cooled overnight and transferred into centrifuge tubes. Then the
phenolic compounds were purified by adsorption on C18 columns and desorbed by ethylacetate
and concentrated under a stream of nitrogen gas for 30 min. Afterward the residue was re-
dissolved in 1 mL of a solution containing the second internal standard, phenylacetic acid
(PAA), in methanol (25ugml') to determine the recovery of ethylvanillin before
derivatization (Amelung et al., 2002; Mdller et al., 2002). Finally, the samples were derivatized
using 200 pL of N, O-Bis(trimethylsilyl) trifluoroacetamide (BSTFA) and 100 pL of pyridine.
Oxidation products of phenolic compounds were quantified using a SHIMADZU QP 2010 Gas
Chromatography (GC) instrument coupled with a Mass Spectrometry (MS), (GCMS—QP2010,
Kyoto, Japan).

3.3 Lipid analyses

Leaf wax-derived n-alkanes were extracted from 0.5 to 1 g of homogenised leaf, O-layer, and
An-horizon soil samples using Soxhlet extraction by adding 150 ml of dichloromethane (DCM)
and methanol (MeOH) as solvents (9:1 ratio) for 24 h following a method modified after Zech
and Glaser (2008). In brief, 50 ul of Sa-androstane were added to the total lipid extracts as an
internal standard. Total lipid extracts were concentrated using rotary evaporation and

transferred to aminopropyl pipette columns (Supelco, 45 um). Three lipid fractions containing

10
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the n-alkanes, alcohols, 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 using a gas chromatography (GC) and detected by a flame ionization detector

(FID), whereas the other two lipid fractions (alcohols and fatty acids) were archived.

3.4 Stable isotope measurements

The §*Hprec and 8'8Oprec isotope values were measured using a Thermo Conversion Unit (HTO
HEKAtech Wegberg, Germany) coupled with a ConFlo IV interface to an Isotope Ratio Mass
Spectrometry (IRMS, Thermo Fisher Scientific, Bremen, Germany) in Bayreuth Center of
Ecology and Environmental Research (BayCEER), University of Bayreuth, Germany.
Laboratory calibration was made against Vienna Standard Mean Ocean Water (V-SMOW) by
co-analysing standards every ten samples resulting in a precision of + 0.6%o for §'*Oprec and

:t 3%0 for 82Hprec.

The 8*Hj-alkane and 8'%Osugar values were determined using a gas chromatography-thermal
conversion-isotope ratio mass spectrometry (GC-TC-IRMS, Delta V, Thermo Fisher Scientific,
Bremen, Germany) in the laboratory of the Soil Biogeochemistry, Martin Luther University of
Halle-Wittenberg, Germany. Each sample was analyzed in triplicate and measurements of
known standards at various concentrations were embedded in-between the sample batches. The
measured 8°H-aikane and 8'®Ogygar values were corrected for drift and amount-dependence,
according to Zech and Glaser (2009). The mean standard error for triplicate measurements of
the samples was 0.8%o, 0.9%o, 3.1%0, 2.3%0 for arabinose, xylose, Ca9, and Csi, respectively.
The standard error for the sugars and n-alkanes standards was 2%o (n = 22) and 5%o (n = 28),
respectively. The 8?Hj-aikane values refer to weighted mean values of Ca9 and Cs3; alkanes and
5'80sugar values refer to weighted mean values of arabinose and xylose. All 8*Hprec and §'¥Oprec,
as well as 8?H-aikane and 8'®Ogyear, values are reported in per mil (%o) according to the usual
d-notation relative to V-SMOW given in the following equation.
0 = (Rsample/Rstandard — 1) X 10°
where R refers to the ratio of '0/'0 and ?H/'H for the sample or standard (V-SMOW) materials.

4. Results and discussion
4.1 Biomarkers

4.1.1 Lignin phenols in leaves and topsoils (Study [MS]—1)

The sum of lignin phenols, vanillyl, syringyl, and cinnamyl (3 VSC) of the investigated plants

ranges from 1.8 to 41.8 mg g 'sample With Festuca yielding the highest (33 mg g 'sampie). This is
11
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within the range reported in the literature (Belanger et al., 2015; Hedges et al., 1986). The
Agglomerative Hierarchical Cluster analyses (AHC) allow to chemotaxonomically differentiate
keystone plant species of the Bale Mts using the total abundance of lignin phenols (Fig. IT). The
abundance of individual lignin phenols is specific to the individual or restricted groups of plant
and/or tissues applied to cluster different taxa (Belanger et al., 2015; Castafieda et al., 2009;
Goiii and Hedges, 1992; Hedges and Mann, 1979; Tareq et al., 2006, 2004).

However, it is not clear to us so far which lignin phenols are the most decisive character for
which plants and which lignin proxies might have the potential for paleovegetation
reconstruction. Thus, to find out the most determining proxies, we draw a notched box plot
(Fig. II). Figure III corroborates that Erica arborea and Erica trimera are characterized by
cinnamyl percentages of > 40%, whereas, except for two Festuca samples, all other plants are
characterized by cinnamyl percentages of < 40%. Despite a relatively large scattering and a
partial overlapping, our results suggest that the ratio C/(V+S+C) might be used as a proxy for
distinguishing the contemporary Erica spp. from another vegetation type of the Bale Mts, with

values > 0.40 being generally characteristic for Erica spp (Fig. III).
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Fig. II: Dendrogram differentiating the dominant plant species of the Bale Mountains based on
the concentrations of vanillyl, syringyl, and cinnamyl lignin phenols (mg g ~! sample).

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

The Y VSC strongly decreases from plants over O-layers to An-horizons except for
Helichrysium. This descending trend reflects a degradation of plant-derived lignin phenols
during organic matter decomposition (Amelung et al., 1997; Thevenot et al., 2010; Belanger et
al., 2015). At the same time, the input of root-derived lignin is very likely (Abiven et al., 2011,
Baumann et al., 2013; Thomas et al., 2014). As a result of both processes, i.e., degradation and
lignin input by roots, the large and chemotaxonomically characteristic contribution of C in
Erica species (> 40%) is lost in the O-layers (C < 27%), whereas the two investigated O-layers
under Festuca yielded relative C contributions > 40%. Indeed, the composition of lignin
phenols is characteristic for contemporary plants, but preferential degradation of S and C
phenols compared to V phenols can affect the value of source parameters calculated for soils
(Otto and Simpson, 2006; Thevenot et al., 2010; and references therein) and roots had C phenols
higher than stems and leaves, and contribute more to the total soil lignin content than the shoot
parts (Abiven et al., 2011). This finding does not ad hoc preclude the above proposed lignin
phenol proxy C/(V+S+C) for reconstructing vegetation history, but it challenges its application.
Therefore, degradation and lignin input by roots need to be considered when interpreting lignin

phenol proxies from sedimentary archives.
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Fig. II1: Box plot for the relative abundance of cinnamyl phenols (expressed as C/(V+S+C) in
%) in plants, O-layers and An-horizons. The box plots indicate the median (solid line
between the boxes) and interquartile range (IQR), with upper (75%) and lower (25%)
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quartiles and possible outliers (empty circles). The notches display the confidence
interval around the median within +1.57*IQR/sqrt. Note that small sample sizes result

in unidentifiable boxes.
4.1.2 n-Alkanes in leaves and topsoils (Study [MS]—1)

Most of the investigated plant species depicted total n-alkane contents (TAC, C25—Css) above
800 pg g!. Only Lobelia and Festuca exhibited TAC values below 800 pg g!. Such n-alkanes
abundance is considered as characteristic of epicuticular leaf waxes, being typical for higher
plants (Eglinton and Hamilton, 1967; Hoffmann et al., 2013). Also, the average chain length
(ACL) of leaves and topsoils ranged between 28 to 32 and 29 to 31, respectively. The ACL of
Erica arborea (30.5) and Erica trimera (30.5) are identical, which could be explained by the
monophyletic origin of the species (Guo et al., 2014). The grass samples (Festuca abyssinica)
revealed a clear predominance of Csz1 (Fig. IV), which was reported before by different authors
(Schifer et al., 2016; Zech et al., 2009). Most other investigated plant species revealed a
predominance of either Ca9 or C31. Only Kniphofia foliosa is characterized by a high relative

abundance of C»7 and Ca9, while Cs; is almost absent (Fig. IV).
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Fig. IV: Ternary diagram illustrating the relative abundance of the n-alkanes C7, C29, and Csi
in the investigated plant samples.

Contrary to plant-derived lignin phenols, hierarchical cluster analysis of individual n-alkanes

did not allow unambiguous differentiation between Erica and non-Erica species. Therefore, the

n-alkane patterns do not support developing a proxy for identifying Erica, at least in the Bale

Mts. Nevertheless, apart from the individual n-alkanes, lower ratio of C31/Ca9 (X =1.7) depicts

Erica litter is significantly (p = 0.05) distinguishable from the other species except for

Helichrysum splendidum (Fig. V).

The odd over even predominance (OEP) and TAC values decrease in the order plants > O-layers
> An-horizons. Decreasing OEP values towards O-layers and An-horizons are often observed
and can be explained with organic matter degradation (Schéfer et al., 2016; Zech et al., 2011a).
Importantly, n-alkane degradation does not only affect the OEP values but also n-alkane ratios
such as the above presented ratio Cs1/Ca9 that allows to distinguish Erica from non-Erica
vegetation. As a result, this ratio is not feasible to chemotaxonomically distinguish between
soils having developed under Erica versus Alchemilla and grass. The effort towards finding

unambiguous Erica markers using lignin-derived phenols and leaf wax-derived n-alkanes was

unusable.
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Fig. V: Notched box plot for the ratio C31/Cy9 in plant samples, organic layers, and Ax-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 (empty
circles). The notches display the confidence interval around the median within

+1.57*IQR/sqrt. Note that small sample sizes result in unidentifiable boxes.
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4.1.3 Phenolic compounds in the keystone plant species (Study [MS]—-2)

In order to clearly define the extent of the Erica species along the Sanetti Plateau in the Bale
Mts, the potential and limitations of phenols and n-alkanes were evaluated that had previously
been applied by several researchers in various (paleo-)environmental archives (Glaser and
Zech, 2005, Tareq et al., 2006, Zech et al., 2011a, 2013a). Thus, each of the keystone plant
species in the Bale Mts showed a different phenolic compound pattern (Table 1-1). The sum of
mean weighted phenolic compound contents of Alchemilla haumannii, Erica spp., Helichrysum
splendidum, Kniphofia foliosa, Lobelia rhynchopetalum, and Festuca abyssinica are 18, 16, 22,
6,22 and 51 g kg ~! TOC, respectively. The widespread occurrence of secondary metabolites,
like phenols in the plant kingdom, enables us to conduct lower taxonomic level

chemotaxonomic studies (Mika et al., 2005; Singh, 2016)

A high abundance of coumaryl (p-coumaric acid, ferulic acid) and syringyl (syringic acid,
3,5-Dimethoxy-4-hydroxyacetophenone) phenols and low abundance of vanillyl phenols and
benzoic acids characterize Festuca abyssinica. The same genus of different species, Festuca
vallesiaca, could be also ascribed by high coumaryl phenols (p-coumaric acid, ferulic acid) and
low benzoic acid derivatives (Djurdjevic et al., 2005). Generally, in the grass taxon, most of
phenol-related information was provided by coumaryl phenols due to ample presence of the
enzyme phenyl (thyrosine) ammonia-lyase and it is known for its high biological activity
(Chesson et al., 1982; Djurdjevic et al., 2005; Mika et al., 2005). Likewise, Hedges and Mann
(1979) stated that non-woody vascular angiosperm plants have characteristic products of

coumaryl phenols and account for approximately one-third of the total phenolic compounds.

The sum of p-hydroxy phenols unambiguously identifies Helichrysum splendidum from the
other locally dominant plant species of the Bale Mts. On the other hand, Erica species are
characterized by high coumaryl and low p-hydroxy phenols. The genus Erica (family:
Ericaceae) 1s characterized by having polyphenols (p-coumaric acid derivate, vanillic acid,
cinnamic acid derivate, and caffeic acid) and flavonoids (Guendouze-Bouchefa et al., 2015).
Among the flavonoids, dihydromyricetin 3-O-a-L-rhamnopyranoside is the most important

chemotaxonomic marker of Erica (Nazemiyeh et al., 2008).

We here evaluated phenolic compounds through the classical approach such as hierarchal
clustering, 2D plots analysis using source proxies (S/V and C/V) to chemotaxonomically
characterize locally dominant plant species. Both approaches failed to explicitly characterize

the locally dominant plant species. However, we found that Erica species in the Bale Mts can
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be identified using the relative contribution of coumaryl phenols (> 0.2) and benzoic acids
(0.05-0.12; Fig. VI). Furthermore, three different machine-learning algorithms namely Support
Vector Machine (SVM), Random Forest (RF), and Recursive Partitioning (RP) were tested to
unambiguously identify Erica species based on our phenolic compounds dataset. Among the
tested machine learning approaches, RF performed best. The proposed algorithm has been
shown to be better in terms of various performance indicators like accuracy and F1-score. In
the experiment using the relative phenols dataset, the key variables for the chemotaxonomic
classification of the contemporary species in the Bale Mts is depicted in Fig. VII. Among them,
benzoic acids (> 0.06) and coumaryl phenols (> 0.21) were the most decisive variables to

identify Erica from the other species, which has been corroborated in Fig. VI.
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Fig. VI: Two-dimensional plot of the relative contribution of the sum of coumaryl phenols

(p-coumaric acid + ferulic acid) and benzoic acids (benzoic acid + salicylic acid +

phthalic acid) in the dominant plant species under study.
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Fig. VII: Representative decision tree of Random Forest (RF) model using relative phenols

contribution. 32 training sample sets and 10,000 number of decision trees were used to

compute the model.

4.2 Stable Isotopes

4.2.1 Stable isotopes in precipitation (Study [MS]-3)

The relationship between §*Hprec and 8'®Oprec at a certain site is known as the Local Meteoric

Water Line (LMWL, Crawford et al., 2014; Hughes and Crawford, 2012). The LMWL

(8°H =5.3+ §'%0 + 14.6) for the Bale Mts is characterised by a lower slope and a higher

intercept (Fig. VIII) compared to the Global Meteoric Water Line, GMWL (Craig, 1961) and

the LMWL of the Addis Ababa station (Rozanski et al., 1996). This can be explained by the

local climate in the Bale Mts modified by orographic process, i.e. altitude induced climatic

condition and multiple moisture sources.

20

57H (%o)
B
L]
[ ]
+
2w
74 9
& =
% o
i1 %‘

4 s
=201 i Lﬂao

% 5°H = 8.0 + 5°0 + 10 [GMWL]
s o H=53+02+5%0+14.6+ 0.9 [LMWL]
i n=135; R'=0.78
A -I5 0 5I

18

Angesso
Delo Mena

Dinsho Head Guarter

I EWCP Station

Magnete
Meskel Darkina
Rira Substation
Sodota

Tulu Dimtu

Tuluka



Extended Summary

Fig. VIII: Hydrogen (8*°H) and oxygen (5'%0) isotopic composition of meteoric water in the
Bale Mountains, Ethiopia. LMWL = local meteoric water line (5°H = 5.3 % §'80 + 14.6,
dashed line) and GMWL = global meteoric water line (8 2H = 8.0 %330 + 10, solid line).

The mean annual weighted isotope composition of precipitation (§*Hprec and §'8Oprec) exhibit a
significant negative correlation with elevation. This result is well known as the altitude effect
(Dansgaard, 1964; Poage and Chamberlain, 2001; Tekleab et al., 2014; Zech et al., 2015). The
altitude effect is expressed as isotope lapse rate (Poage and Chamberlain, 2001). The isotopic
lapse rate for the Bale Mts is —0.11%0#100 m™ (R*>=0.73, P = 0.002) and —0.52%0*100 m™' (R?
=0.60, P = 0.01) for '"¥Oprec and §*Hyrec, respectively. Similarly, the altitude effect in the Upper
Blue Nile basin, Ethiopia, accounts for a lapse rate of 8'"*Oprec (—0.12%0#100 m™") and §*Hprec
(—0.58%0#100 m™") (Kebede and Travi, 2012; Tekleab et al., 2014). The §'80prec lapse rate in
the present study is also in agreement with findings from transect studies of other tropical
mountains (Gonfiantini et al., 2001; Otte et al., 2017; Sanchez-Murillo and Birkel, 2016; Zech
et al., 2015). However, it is less pronounced than the global isotopic lapse rate (—0.28 %o *100
m™!) (Poage and Chamberlain, 2001).

The 8*Hprec, 8'*Oprec, and d-excess of the Bale Mts are characterised by a systematic seasonal
variability (Fig. IX). The isotopes in precipitation data from Addis Ababa, the Main Ethiopian
Rift Valley regions, and the northwestern plateau of Ethiopia also revealed seasonal variations
of 8?Hoprec, 88 Oprec, and d-excess (Kebede, 2004; Kebede and Travi, 2012; Tekleab et al., 2014).
The most positive §?Hprec and §'8Oprec values were recorded shortly after the end of the dry
season, which may reflect various moisture sources, low precipitation amounts, and high air
temperatures. The seasonal patterns (Fig. IX) reveal the most negative 8*Hprec and 8'%Oprec
values during May, August, and September. In May, August, and September, precipitation was
highest for most of our weather stations. This finding is in accordance with the well-known
amount effect described for tropical regions (Araguas-Araguds et al., 2000; Rozanski et al.,
1996, 1993; Tekleab et al., 2014). However, there is a weak amount effect on the northwestern
Ethiopian plateau and the Addis Ababa IAEA station (Kebede, 2004; Kebede and Travi, 2012).
Overall, many of our weather stations located at higher elevations tend to reveal a stronger
amount effect compared to stations at a lower elevation such as Rira and Delo Mena. A strong
correlation between §'®Oprec and precipitation amount at higher elevation is illustrated by
decreasing air temperature, rainout of heavier isotopes, and the Rayleigh fractionation process
(Gonfiantini et al., 2001; Rozanski et al., 1993). Furthermore, d-excess reveals a strong

correlation (R?= 0.6) with elevation. This elevation dependence of d-excess partly contributes
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to the low slope of the LMWL (Fig. VIII). High values of d-excess (>10%o) recorded in the
present study reflect recycled vapor evaporated from the Harenna Forest or direct rainfall from

vapor source regions.
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Fig. IX: Inner-annual variation of §*Hprec (solid line), d-excess (dotted line and yellow circle),
and precipitation amount (blue bars) of the representative sampling site Dinsho Head

Quarter.

The HYSPLIT backward trajectories (Fig. X) show that air masses in our study area originate
from different regions depending on the season. During the dry season, moisture is coming from
the Gulf of Aden and the Arabian Sea. Moisture from those areas is responsible for generating
little precipitation in the study area. By contrast, during the wet season precipitation originates
mainly from the Southern Indian Ocean. Our results are in agreement with earlier studies of
Kebede and Travi (2012). Nevertheless, for northern Ethiopia, backward trajectory studies of
Costa et al. (2014) having previously confirmed the Sudd and the Congo Basin, as well as the
Mediterranean Sea, as a potential moisture source. Based on our backward trajectories, we
found no evidence that these regions have been moisture sources at least for the Bale Mts in
2017. According to other climate simulation studies, the Ethiopian highlands receive moisture
mainly from two branches. One from the northeast direction across the Red Sea and the Arabian
Peninsula over the Mediterranean Sea and the Indian Ocean and the second from southwest
direction across the Gulf of Guinea and Central Africa over the Atlantic Ocean (Diro et al.,

2011; Mohamed et al., 2005; Segele et al., 2009; Viste and Sorteberg, 2013).
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Fig. X: Map of Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model

based on meteorological data (Global Data Assimilation System, 1-degree resolution)

for 168 h. Yellow, light blue, and dark blue trajectories indicate the synoptic moisture

source area of precipitation to the study site during dry and wet seasons. Dark blue refers

to long distance traveling trajectories (LDT) and the white triangle indicates the

sampling area or ending point of the water vapour. For the interpretation of the reference

to color in this figure legend, the readers are referred to the online version of this

dissertation.

4.2.2 Coupling ¥ Osugar and 8*Hy-aikane biomarkers (Study [MS]—4)

The weighted mean 8*Hy-alkane (Weighted mean values of Ca9 and Cs; alkanes) and §'®Osugar

(weighted mean values of arabinose and xylose) values range from —186 to —89%o and from

+27 to +46%o, respectively (Fig. XI). Particularly, the topsoil (O-layer as well as An-horizon)

samples in the Bale Mts yielded a 8?Hy.akane values range between —157 to —113%o

(X =—136%o0), which is in good agreement with findings from the highest Eastern African Mt.
Kilimanjaro (Hepp et al., 2017; Peterse et al., 2009; Zech et al., 2015).
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Fig. XI: Altitudinal §°H (left) and 5'%0 (right) gradients of n-alkanes (weighted mean of Cao
and Cz1) and sugar biomarkers (weighted mean of arabinose and xylose), respectively,

reconstructed leaf water (squares) and precipitation (triangles).

The 8?Hy-alkane and 8'3Osugar values of leaves, O-layers, and An-horizons do not differ statistically
significant (p = 0.7 and p = 0.4, respectively) from each other (Fig. XII). Hence, our data
provide no evidence for degradation effects and/or root input affecting the isotope composition
of the biomarkers in topsoils. This is noteworthy because our previous chemotaxonomy studies
(cf. study 1) reveal that the characteristic plant biomarker patterns of long-chain n-alkanes
(Lemma et al., 2019) and sugars (Mekonnen et al., 2019) are strongly altered in the respective

O-layers and Ap-horizons due to degradation and roots inputs.

The &*Hu-aiane values correlate significantly with the weighted mean annual isotope
composition of local meteoric water, §?Hprec (# = 0.3, p = 0.04, n = 53). However, it does not
correlate in a 1:1 relationship (§*Hprec = 0.05 * 8*Hy-aikane — 1.03) and this is the first important
indication that n-alkanes do not directly reflect §?Hprec. Instead, 8*Hy-aikane reflects the isotope
signal of local precipitation modified by leaf water enrichment as emphasized by Zech et al.
(2015). By contrast, there is no statistically significant correlation between §'*Osygar and §'*Oprec.
This might indicate that the isotope signal of §'®Oprec is strongly altered prior to the biosynthesis
of the sugar biomarkers. We argue that soil water evaporation, leaf water evapo(transpi)ration

and seasonality effects are the most likely responsible factors.
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Fig. XII: Comparison of 8’Hyakane (a) and 8'®Osugar (b) among leaves, O-layers, and
An-horizons. The notched box plots indicate the median (solid lines between the boxes),
interquartile range (IQR) with upper (75%) and lower (25%) quartiles. The notches
display the confidence interval around the median within +1.57*IQR/v/n.

A recent publication by Strobel et al. (2020) indicated that plant-related and/or environmental
factors strongly bias the §'®Ogyear signal compared to 8'%0prec and points especially to the
significant impact of evapo(transpi)rative soil and leaf water enrichment. Similarly, a climate
transect study revealed that §'®Onemiceliulose does not reflect §'*Oprec along an Argentinian transect
(Tuthorn et al., 2014). Overall it can be summarized that our 8?Hy-aikane and 8'*Osygar values do

not directly reflect the isotope composition of precipitation in the Bale Mts.

The keystone plant species in the Bale Mts are characterized by statistically significant species-
dependent 8?°Hy-aikane (Fig. XIIIa). §'"¥Ogygar (Fig. XIIIb) yielded the same species-dependent
trends. On the one hand the median 6*H-aiane and 8'®Ogugar values of F. abyssinica are the lowest
of all investigated plant species (Fig. XIII). This can be attributed to physiological and
biochemical differences and the fact that F. abyssinica (grass) is a monocot, whereas the other
plant species are dicots. The leaves of monocots and dicots differ in structure, location, and
timing of lipid synthesis (Sachse et al., 2012). The growth of grasses is associated with

intercalary meristems. They occur at the base of the grass leaf blade, where leaf water is not
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fully *H- and '®O-enriched, which is called *Hy-aikane and '®Osugar “dampening effect” (Hepp et
al., 2020, 2019). But, on the other hand the median 8*H-aikane and 8'3Ogygar values of E. arborea
and E. trimera are the highest of all the investigated species and show strong leaf water
enrichment. Intermediate 8*Hy-alkane and 8'Osugar values for A. haumannii and H. splendidum
might be attributed to plant physiological or microclimatic conditions affecting relative
humidity and thus leaf water enrichment as compared to Erica and F. abyssinica. Therefore,
caution must be given in terms of vegetation change when interpreting &’H-aiane for
paleoclimate reconstruction. The mean 8?°Hj-aiane and 8'3Ogugar values of E. arborea and E.
trimera are —114 and —109%o, and +37 and +36%o, respectively. These very close mean
82H,-alkane and 8'8Osyear values of the two Erica species likely reflect the monophyletic nature

(Guo et al., 2014).

Furthermore, there is a significant difference in apparent isotope fractionation of hydrogen
(eapp 2n) between the keystone plant species. Unlike other species, E. arborea (—94%o) and E.
trimera (—92%o) have the least negative and F. abyssinica (—161%o) has the most negative eapp
on. It 1s identified that C3 graminoid (Sachse et al., 2012) and C3 grasses (Gamarra et al., 2016)

exhibited the most negative €app 21 compared to shrubs and trees.
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Fig. XIII: Variations of 8’Hj-aikane (2) and 8'"*Osugar (b) between keystone plant species. The
notched box plots indicate the median (solid lines between the boxes), interquartile
range (IQR) with upper (75%), and lower (25%) quartiles and outliers (empty circle).

The notches display the confidence interval around the median within +1.57*IQR//n.

Most of the reconstructed leaf water data plot below the GMWL (Fig. XIV). The reconstructed
leaf water data plotting below the GMWL are a typical feature of evaporation loss. By applying

a biosynthetic fractionation factor of —160%o, the reconstructed §*Hicaf water values highlight that
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the n-alkanes of F. abyssinica (Fig. XIlIla) reflect quite accurately and precisely the weighted
mean annual §*Hyreec (—2.7 £ 2%o) of the Bale Mts (Lemma et al., 2020). However, it is known
that the effect of evaporative leaf water isotope enrichment of grasses is negligible (Helliker
and Ehleringer, 2002). By contrast, the reconstructed 8’Hicaf water values of E. arborea and
E. trimera (Fig. X1Ila) do not reflect accurately and precisely the weighted mean annual §*Hprec
and the reconstructed 8*Hieaf water 1S enriched compared to §*Hpree by up to 55 £ 5%o. One well
known and widely accepted factor responsible for this finding is leaf water enrichment. For
instance, Zech et al. (2015) emphasized that §*Hy-alane data from a climate transect along the
southern slopes of Mt. Kilimanjaro do not reflect 8*Hprec either and explained this with a

strongly variable degree of leaf water enrichment along the altitudinal transect.
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Fig. XIV: §'%0 versus 8°H diagram illustrating the conceptual framework of the coupled
(paleo-) hygrometer approach after Zech et al., (2013b). Data are plotted for measured
source water/precipitation (blue solid triangle), measured 8*Hy-alkane, and 8'®Osygar (black
solid circle), reconstructed leaf water (green solid rectangle), measured Garba Guracha

lake water (brown solid triangle).

Similarly, considering a biosynthetic fractionation factor of +27%o (Cernusak et al., 2003), the
reconstructed 8'3Oleaf water values of all investigated plant species (Fig. XIIIb) do not reflect the
isotope composition of precipitation. More specifically, the reconstructed §'®Oieat water values of

E. arborea and E. trimera are enriched compared to §'"®Oprec by up to +9 + 1%o. Tree ring
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research has shown that cellulose does not reflect the full leaf water §'®0 enrichment signal
(Gessler et al., 2013). Results from climate chamber experiments indicate that 8'8Oieaf water
values, reconstructed from sugar biomarkers, are enriched compared to plant source water by

up to +25%o (Zech et al., 2014a).

The reconstructed &*Hsource water and 8'™Osource water values rtange from —84 to +110%o
(X =8.6 £ 7%0) and —12 to +12%o (X = —0.7 £ 0.8%o0), respectively. The mean reconstructed
8?Hsource water and 8" Osource water Values reveal slight isotope enrichment as compared with the
modern-day isotope composition of 8Hprec (—2.7 £ 2%o0) and 8'8Oprec (—3.3 + 0.4%0) in the Bale
Mts, respectively (Lemma et al., 2020). Despite the large scattering of the reconstructed source
water values, this finding demonstrates that the coupled 8*Hy-alkane-0'®Osugar approach allows to

reconstruct the isotope composition of source water quite accurately.

While the actual RH values range from 69 to 82% (X = 80 + 3.4%), the reconstructed RH values,
based on a recently suggested coupled &Hy-aikane-8'%Osugar (paleo-) hygrometer approach
yielded a mean of 78 = 21%. The coupled approach enables us to reconstruct RH with an offset
of ARH = +2 + 18%. The difference between actual and reconstructed RH might be analytical
errors associated with the individual *Hy-aikane and §'®Ogugar measurement, uncertainties of the

€bio, and leaf-air temperature differences (Hepp et al., 2017; Zech et al., 2013Db).

5. Conclusions

In this Ph.D. dissertation, the potential and limitations of different biomarker proxies were
tested for unambiguous identification of locally dominant plant species with the objective to
reconstruct the former extent of Erica species in the Bale Mts. Furthermore, the contemporary
stable isotope in precipitation and moisture source regions of the Bale Mts were studied to better
understand the current atmospheric circulation patterns. Similarly, stable isotopes in biomarkers
were evaluated to check the imprint of rainfall-isotopes in leaves and topsoils with the

implication of paleoclimate reconstruction.

The relative contribution of coumaryl phenols (> 0.2) and benzoic acid (0.05-0.12) are
promising and allowed the chemotaxonomic differentiation of Erica and non-Erica vegetation.
However, this characteristic pattern of phenols is not reflected in the O-layers and Ax-horizons
under Erica. The loss of cinnamyl dominance is likely caused by preferential degradation and

lignin input by roots.

Individual leaf wax-derived n-alkanes have not allowed us to chemotaxonomically differentiate
Erica from non-Erica. But Erica can be distinguished from Alchemilla and grass significantly
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(p = 0.05) by lower C31/Cayo ratios (X =1.7). However, like lignin-derived phenol proxies, the
n-alkane patterns are changing due to degradation from plant material over O-layers to
An-horizons, thus inhibiting their application for an unambiguous chemotaxonomic
identification of Erica in soils and sediments. Therefore, future work is planned to focus on
alternative molecular markers such as tannin-derived phenols and terpenes for unambiguous

identification of Erica along the Sanetti Plateau in the Bale Mts.

The isotope composition of precipitation in the Bale Mts is isotopically heavier compared to
other Eastern African stations. Precipitation in the Bale Mts exhibits a highly significant altitude
effect (8'Oprec lapse rate of —0.11%o0#100 m™"). Furthermore, our data corroborate the existence
of a seasonal amount effect with more positive 8*Hprec and 8'®Oprec values prevailing shortly
after the end of the dry season and more negative 8*Hprec and §'®Oprec values prevailing during
May, August, and September when precipitation amount is highest. Similarly, the values of
8?Hprec and §'8Oprec are clearly associated with the moisture sources. Thus, HYPLIT backward
trajectories assign the Gulf of Aden and the Arabian Sea as the primary moisture source during
the dry season, whereas the Southern Indian Ocean is the primary moisture source for the Bale

Mts during the rainy season.

There are no systematic 8*Hy-aikane and 8'8Osugar trends and significant differences between
leaves, O-layers, and Ap-horizons. Hence, there is no evidence from our dataset for degradation
and underground roots input affecting 8?H -aikane and 8'®Osugar values of topsoils. The keystone
plant species in the Bale Mts are characterized by variable amounts of 8*Hy-alane and also
5'80sugar yielded the same species-dependent trends. While 8?H-aikane and 8'Osygar of E. arborea
and E. trimera shows the full leaf water enrichment signal, F. abyssinica reveals the most
negative values due to “signal dampening” caused by basal grass leaf growth. Intermediate
values for A. haumannii and H. splendidum might be attributed to plant physiological or
microclimatic conditions affecting RH and thus leaf water enrichment as compared to Erica
and F. abyssinica. Substantial species-specific apparent isotope fractionation highlights the
importance of investigating apparent as well as biosynthetic isotope fractionation factor of the
representative flora at a given geographical region. Thus, vegetation shifts should be considered
before applying °H-aikane and 8'8Osugar records for the paleoenvironmental applications. The
coupled approach enables us to reconstruct RH with an offset of ARH = +2 + 18%. Although
several simplified assumptions challenge our interpretation, the coupled 8”Hy-aikane-8'®Osugar
(paleo-) hygrometer approach holds great potential for deriving additional paleoclimatic

information compared to single isotope approaches.
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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 examine 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 altitudinal 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

detector, respectively.

We found that the relative contribution of vanillyl, syringyl, and cinnamyl phenols allow us to
chemotaxonomically distinguish contemporary plant species of the Bale Mountains. Erica in
particular is characterized by relatively high cinnamyl contributions of > 40%. However, litter
degradation strongly decreases the lignin phenol concentrations and completely changes the
lignin phenol patterns. 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 C31/Cy9 ratios in
Erica. However, this characteristic plant pattern was also lost due to degradation in the
respective O-layers and Ap-horizons. In conclusion, although in modern-day plant samples a
chemotaxonomic differentiation is possible, 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.

Key Words: Chemotaxonomy, biomarkers, molecular proxies, humification, soil organic

matter, pedogenesis, Sanetti Plateau, Erica and Festuca abyssinica
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Zusammenfassung

Erica prigt als dominante Pflanzengattung viele Sub-afroalpine Okosysteme, so auch die Bale
Berge in Athiopien. Das AusmaB der flichenhaften Ausdehnung von Erica in der
Vergangenheit ist jedoch wunklar, genauso wie die klimatische versus menschliche
Verursachung solcher Vegetationsédnderungen insbesondere im Holozdn. Das Ziel dieser Studie
war es herauszufinden (i) ob sich die dominante Vegetation in den Bale Bergen anhand von
ligninblirtigen Phenolen und blattwachsbiirtigen n-Alkanbiomarkern chemotaxonomisch
unterscheiden ldsst und (ii)) ob diese Biomarker das Potential haben zur
Vegetationsrekonstruktion im  Untersuchungsgebiet beizutragen. Untersucht wurden
Pflanzenproben, O-Lagen und Ax-Horizonte entlang eines Nord- und eines Siidwest-
Hohentransektes (3870—4134 m bzw. 2550—4377 m ii. NN). Die ligninbiirtigen Phenoleinheiten
Vannilly, Syringyl und Cinnamyl wurden mittels der Kupferoxidationsmethode gewonnen; die
n-Alkane wurden mittels Soxhlet extrahiert und iiber Aminopropylséulen aufgereinigt. Die
Quantifizierung der Ligninphenole und n-Alkane erfolgte mittels Gaschromatographie —

Massenspektrometrie bzw. Gaschromatographie — Flammenionisationsdetektion.

Die Ergebnisse zeigen, dass sich die dominanten Pflanzenarten in den Bale Bergen anhand ihrer
Vanillyl, Syringyl und Cinnamyl Einheiten chemotaxonomisch unterscheiden lassen. So weist
insbesondere Erica charakteristischerweise relativ hohe Cinnamyl-Anteile von >40% auf.
Vermutlich degradationsbedingt nimmt jedoch in der Reihe Pflanze — O-Lage — An-Horizont
nicht nur die Ligninkonzentration stark ab, sondern auch die Ligninmuster dndern sich vollig.
Dadurch weisen Boden unter Erica Cinnamyl-Anteile <40% auf, wahrend 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 mdglich. Als Proxy dient
hier das Verhéltnis von C31 zu Ca9. Allerdings fiihrt auch hier Degradation in der Reihe Pflanze
— O-Lage — An-Horizont zum Verlust des charakteristischen Alkanmusters. Obwohl sich
rezentes Pflanzenmaterial chemotaxonomisch unterscheiden ldsst, zwingt dies zur
Schlussfolgerung, dass Degradationseffekte bei der Rekonstruktion von FErica im
Untersuchungsgebiet der Bale Berge in Athiopien anhand von ligninbiirtigen Phenolen und
blattwachsbiirtigen Alkanbiomarkern nicht unberiicksichtigt bleiben diirfen. Dieser Befund ist

uber unsere Fallstudie hinaus von hoher Relevanz.

Schlagworte: Chemotaxonomie, Biomarker, molekulare Proxies, Humifizierung, organische

Bodensubstanz, Pedogenese, Erica, Festuca abyssinica
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1. Introduction

The Bale Mountains are an eastern afromontane biodiversity hotspot area with 27 endemic
species of flowering plants (Hillman, 1988). Like in many other afromontane ecosystems, an
altitudinal zonation of the vegetation is well established 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 continuous up to 3800 m a.s.l. However, it becomes patchy
on the Sanetti Plateau (Miehe and Miehe, 1994). The Bale Mountains National Park is
increasingly under threat from climate change and anthropogenic impacts (Kidane et al., 2012).
Ascertaining the past environmental and vegetation history of 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 towards 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, stable isotopes and biomarkers can be applied to more
degraded sedimentary archives and soils and are assumed to reflect 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 sediments
suggests an expansion of alpine C4 grasses on Mt. Kenya especially during glacial times
(Street-Perrott et al., 2004), whereas §'°C results from (paleo-)soils provide no evidence for C4
grass expansion close to Mt. Kilimanjaro during late Pleistocene glacial periods (Zech, 2006;
Zech et al., 2011b). We focus here on lignin-derived phenols and leaf wax-derived n-alkanes
as biomarkers, while stable isotopes and sugar biomarkers and their chemotaxonomic potential
for reconstructions of the Bale Mountains vegetation 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) providing 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) oxidation are used to differentiate sources of organic matter and provide information
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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 instance, low ratios of S/V ~ 0 were suggested as 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 quantifying the degree

of lignin degradation (Amelung et al., 2002; Hedges and Ertel, 1982; Méller 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 biomarkers (also called molecular fossils)
in paleoclimate and environmental 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 Cy9 are sourced predominantly
from trees and shrubs, whereas the homologues Cs1 and Cs;3 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 application of n-alkanes because of high n-alkane pattern variability
within graminoids and woody plants (Schifer et al., 2016) emphasized the need for establishing
regional calibration studies and Zech et al., (2011a, 2013) point to degradation affecting

n-alkane proxies.

While the overall aim of our research is to contribute to the reconstruction of the paleoclimate
and environmental history of the Bale Mountains, this study focuses more specifically on the
following questions: (i) do lignin phenols and r-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 incorporated 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 reconstruction of the former extent of Erica? Finally,

improved knowledge of the vegetation history of the Bale Mountains may help to support the
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biodiversity conservation program of the park in the face of future climate change and

increasing 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). Geographically, 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 situated at 39°28  to
39°57 longitude (E) and 6°29 to 7°10 latitude (N) (Hillman, 1988; Miehe and Miehe, 1994;
Umer et al., 2007) with elevation ranging from 1400 to 4377 m a.s.l. The highest part forms the
Sanetti Plateau, on which the second highest peak of the country, Mount Tulu Dimtu at 4377
m a.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
Central Rift Valley lowlands (Hillman, 1988; Tiercelin et al., 2008). The topography of the
Bale Mountains results in climatic gradients with respect to spatial and temporal distribution of
rainfall as well as temperature (Tiercelin et al., 2008). Mean maximum temperature (MMT) on
the mountain peaks ranges between 6—12 °C. At Dinsho (headquarter, 3170 m a.s.l.) the MMT
is 11.8 °C. Mean minimum temperature ranges from 0.6—10 °C with frequent frost occurring in
the high peak areas during the winter season (Tiercelin et al., 2008). The highest annual rain

Iand

fall and humidity occurs in the southwest part of the mountain with 1000 —1500 mm year -
the northern part of the mountains exhibits annual rainfall ranging between 800 and 1000 mm
year ~' (Woldu et al., 1989). The vegetation shows an altitudinal zonation comprised of the
afromontane forest (1450-2000 m a.s.l.), the upper montane forests dominated by Hagenia —
Hypericum species (20003200 m a.s.l.), the Ericaceous belt (3200-3800 m a.s.l.); and the
Afro-alpine zone (38004377 m a.s.l.) dominated by dwarf shrubs such as Helichrysum,
Alchemilla, herbs and grasses (mostly Festuca; Fig. 1-1) (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 generally characterized as silt loam having

reddish brown to black color (Woldu et al., 1989). They are usually shallow, gravelly and are
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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 wetland and sedimentary basins, Gleysols and Histosols

are also common (Billi, 2015; Yimer et al., 2006).
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Fig. 1-1: 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 Afro-

alpine belt.

In February 2015, 25 leaf and twig samples of locally dominant plant species were collected
(Fig. 1-1) along a southwestern and a northeastern transect (ranging from 2550 to 4377 m a.s.l.
and 3870 to 4134 m a.s.l., respectively). Samples comprised of Erica trimera (Engl.) Beentje
(n=5), Erica arborea L. (n=5), Alchemilla haumannii Rothm (n=5), Festuca abyssinica Hochst.
ex A. Rich. (n=6), Helichrysum splendidum (Thunb.) Less. (n=2), Kniphofia foliosa Hochst.
(n=1) and Lobelia rhynchopetalum Hemsl. (n=1). Additionally, 15 organic surface layers
(= O-layers, strongly humified plant residues) and 22 mineral topsoils (= An-horizons) that
developed under the above listed locally dominant vegetation 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,
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Department of Plant Biology and Biodiversity Management, Addis Ababa University. In the
laboratories of the Soil Biogeochemistry Group, Martin Luther University of Halle—Wittenberg,
soil samples were sieved using a mesh size of 2 mm, finely ground, homogenized and subjected

to further biogeochemical analysis.
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 Ax-horizon soil
samples, respectively. The analytical procedure followed the cupric oxide (CuO) oxidation
method developed by Hedges and Ertel, (1982) as modified later on by Goni and Hedges,
(1992). Briefly, the samples were transferred into Teflon digestion tubes together with 100 mg
of (NH4)2Fe(SO4)2-6H20, 500 mg of CuO, 50 mg of CsH1206, 1 mL of ethylvanillin solution
(100ppm) as internal standard 1 (IS1) and 15 mL of 2M NaOH and digested at 170 °C for two
hours under pressure. Reaction products were cooled overnight and transferred into centrifuge
tubes. Then the phenolic compounds were purified by adsorption on C18 columns and 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 standard stock solution to
determine the recovery of ethylvanillin before derivatization (Amelung et al., 2002; Mdller et
al., 2002). Finally, the samples were derivatized using 200 uL 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 Chromatography (GC) instrument coupled with
a Mass Spectrometry (MS), (GCMS—-QP2010, Kyoto, Japan).

After recovery correction, the concentration of each lignin phenol (in mg g') was calculated

from two or three CuO oxidation products according to the Egs. (1), (2) and (3), respectively.

Vanillyl (V) = vanillin + acetovanillone + vanillic acid (1)
Syringyl (S) = syringaldehyde + acetosyringone + syringic acid (2)
Cinnamyl (C) = p-coumaric acid + ferulic acid 3)

For data evaluation, additionally 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 from 0.5 to 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 following a method modified following Zech
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and Glaser, (2008). In brief, 50 ul of Sa-androstane were added to the total lipid extracts (TLEs)
as internal standard. TLEs were concentrated using rotary evaporation and transferred to
aminopropyl columns. Three lipid fractions containing the n-alkanes, alcohols 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 chromatography
(GC) and detected by a flame ionization detector (FID), whereas the other two lipid fractions
(alcohols and fatty acids) were archived. The GC instrument (GC-2010 SHMADZU) was
equipped with a SPB-5 columns (28.8 m length, 0.25 mm inner diameter, 0.25 um 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 °C/min, further to
300 °C at 2 °C/min and finally to 320 °C at 4 °C/min, resulting in a total oven runtime of 50
minutes. Helium (He) was used as carrier gas and n-alkane mixture (C8—C40) was used as

external standard for peak identification and quantification.

The total n-alkane concentration (TAC), the average chain length (ACLs, 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 Egs.

(4), (5) and (6), respectively.
TAC = ZC,, with n ranging from 25 to 35, (4)
ACL=%X (Cn*l’l)/ZCn, (5)

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

OEP = (C27+C29+C31+C33)/(C26+Cas+C301+Cs2). (6)

All calibrated datasets of the analytical results were subjected to simple correlation test and
agglomerative hierarchical clustering (AHC) using XLSTAT (2014) statistical software. R
software version 3.4.2 was also used to demonstrate taxonomic differences and 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 Y VSC of modern plants investigated from the two transects of the Bale Mountains ranges
from 1.8 to 41.8 mg g !, the sample with Festuca yielding the highest average contribution to
TOC with up to 33 mg g ! sample (Fig. 1-2). This is within the range reported in the literature

(Belanger et al., 2015; Hedges et al., 1986). Note that lignin phenol concentrations of grasses
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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.
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Fig. 1-2: Sum of lignin phenol concentrations (3 VSC) of contemporary plants, O-layers and

Ap-horizons. Error bars illustrate standard deviations.

The concentrations of individual lignin phenols (vanillyl, syringyl, and cinnamyl) allow us to
chemotaxonomically differentiate the contemporary dominant plant species of the Bale
Mountains. This is illustrated in Fig. 1-3, based on an Agglomerative Hierarchical Cluster
analyses (AHC). The abundance of individual lignin phenols (V, S, and C) was specific to
individual or restricted groups of plant and/or tissues applied to cluster different taxa (Belanger
et al., 2015; Castafieda et al., 2009; Goni and Hedges, 1992; Hedges and Mann, 1979; Tareq et
al., 2004, 2006).
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Fig. 1-3: Dendrogram differentiating the dominant plant species of the Bale Mountains based
on the concentrations of vanillyl, syringyl and cinnamyl lignin phenols (mg g ~! sample).

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

While Fig. 1-3 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 in
paleovegetation reconstructions. Therefore, Fig. 1-4 shows the relative abundance of V, S and
C for all investigated plant species in a ternary diagram. Accordingly, Erica arborea and Erica
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 agreement with the finding of Hedges and Mann (1979)
and Hedges et al. (1988) that high contributions of cinnamyl phenols are characteristic of
non-woody grass and fern. Despite a relatively large scattering and a partial overlapping, our
results suggest that the ratio C/(V+S+C) might be used as a proxy for distinguishing Erica spp.
from other vegetation types of the Bale Mountains, with values > 0.40 being generally

characteristic for Erica spp.
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Fig. 1-4: 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.
3.2 Lignin phenol patterns of O-layers and An-horizons

The Y VSC strongly decreases from plants over O-layers to Ajx-horizons, except for
Helichrysium, which yielded the lowest > VSC values of all plants (Fig. 1-2). This descending
trend is in agreement with literature (Amelung et al., 1997; Belanger et al., 2015) and reflects
the preferential degradation of the plant—derived lignin phenols compared to other soil organic
matter constituents. At the same time, the input 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-layers (C <27%), whereas the two investigated O-layers under Festuca yielded relative
C contributions >40%. Similarly, Ap-horizons under Festuca are characterized by C
contributions > 40%, while all An-horizons that developed under other vegetation types are
characterized by C contributions < 40%. This finding does not ad hoc preclude the above
proposed 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
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Festuca and Helichrysum (Fig. 1-5) and is likely more relevant in paleosols than in sedimentary

archives.
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Fig. 1-5: Box plot for the relative abundance of cinnamyl phenols (expressed as C/(V+S+C) in
%) in plants, O-layers and An-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 (empty circles). The notches display the confidence
interval around the median within +1.57*IQR/sqrt. Note that small sample sizes result

in unidentifiable boxes.

In our study, we found no consistent increase and systematic 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 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 chemotaxonomically, n-alkanes with a chain length
of 21-37 C atoms were considered as characteristic for epicuticular leaf waxes, typical for
higher plants (Eglinton and Hamilton, 1967; Hoffmann et al., 2013). Most of the investigated
plant species showed total n-alkane concentrations (TAC, C25-35) above 800 ug g!. Only
Lobelia and Festuca exhibited total n-alkane concentrations below 800 pg g! (Fig. 1-6). The
TAC values of the O-layers were only slightly lower when compared to contemporary plants.
By contrast, the TAC values of the Ap-horizons were significantly lower compared to

contemporary plants (Fig. 1-6). The n-alkane concentrations in this study are in agreement with
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research findings for fresh plant materials (Bush and Mclnerney, 2013; Feakins et al., 2016)
and soils (Schéfer et al., 2016).
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Fig. 1-6: Total long-chain n-alkane concentrations (TACs) of plants, O-layers and Ax-horizons.

Error bars illustrate standard deviations.

Contrary to lignin phenols, hierarchical cluster analysis of individual n-alkanes did not allow
for unambiguous differentiation between Erica and non—Erica species. Therefore, the n-alkane
patterns do not allow for developing a proxy for identifying Erica, at least in the Bale
Mountains. Average chain length values (ACLs) of plant and soil n-alkanes range between 28
to 32 and 29 to 31, respectively. The ACLs of Erica arborea (30.5) and Erica trimera (30.5)
are identical, which could be explained by the monophyletic origin of the species (Guo et al.,
2014). The grass samples (Festuca abyssinica) exhibited a clear predominance of Csi
(Fig. 1-7), which was reported before by different authors (Schifer et al., 2016; Zech, 2009).
Most other investigated plant species revealed a predominance of either Cz9 or Cszi. Only
Kniphofia foliosa is characterized by high relative abundance of C»7 and Cy9, while Cs; is almost
absent (Fig. 1-7). Apart from individual n-alkanes, the ratio of C31/Ca9 depicts Erica litter is
significantly distinguishable from the other species, except for Helichrysum splendidum
(Fig. 1-8).
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Fig. 1-7: Ternary diagram illustrating the relative abundance (%) of the n-alkanes Cz7, C29 and

Cs1 in the investigated plant samples.

3.4 n-Alkane concentration and patterns of O-layers and An-horizons

The TAC values decrease in the order: plants > O-layers > Ap-horizon (Fig.2—6). The odd over
even predominance values (OEPs) of the plants, O-layers and An-horizons range from 5 to 90
(Xx=21),4t042 (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 An-horizons are
often observed and can be explained with organic matter degradation (Schéfer et al., 2016; Zech
etal., 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. Importantly, n-alkane degradation
affects not only the OEP values but also 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. 1-8). Unlike with lignin phenols, a
noteworthy influence from root-derived n-alkanes on O-layers and An-horizons can be
excluded. This is based on the notion that roots contain lower n-alkane concentrations by
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several magnitudes than above-ground plant material and results from studies using *C dating

of n-alkanes in loess-paleosol sequences (Haeggi et al., 2014; Zech et al., 2017).
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Fig. 1-8: Box plot for the ratio C31/Caz9 in plant samples, organic layers and Ap-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 (empty
circles). The notches display the confidence interval around the median within

+1.57*IQR/sqrt. Note that small sample sizes result in unidentifiable boxes.

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 Mountains
National Park, Ethiopia. While our companion paper by Mekonnen et al., (2019) focused on
stable carbon and nitrogen 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 differentiation of Erica from non-Erica vegetation based on relatively high
relative contribution of cinnamyl (= 40 %) phenols. However, this characteristic pattern is not

reflected in the O-layers and Ap-horizons. In all likelihood, the loss of the cinnamyl dominance

57



Publications and Manuscripts

is caused by preferential degradation. Unlike expected, we found no overall evidence for
increasing (Ac/Al) v+s ratios as 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/Ca 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-layers to An-horizons, thus inhibiting their application for an
unambiguous chemotaxonomic identification of Erica in soils and sediments. Therefore, future
work is planned focusing on alternative molecular markers such as tannin-derived phenols and

terpenoids.
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Abstract:

Despite the fact that the vegetation pattern and history of the Bale Mountains in Ethiopia were
reconstructed using pollen, little is known about the former extent of Erica species. The main
objective of the present study is to identify unambiguous chemical proxies from plant-derived
phenolic compounds to characterize Erica and other keystone species. Mild alkaline CuO
oxidation has been used to extract sixteen phenolic compounds. After removal of undesired
impurities, individual phenols were separated by gas chromatography and were detected by
mass spectrometry. While conventional phenol ratios such as syringyl vs. vanillyl and cinnamyl
vs. vanillyl and hierarchical cluster analysis of phenols failed for unambiguous Erica
identification, the relative abundance of coumaryl phenols (>0.20) and benzoic acids
(0.05—0.12) can be used as a proxy to distinguish Erica from other plant species. Moreover, a
Random Forest decision tree based on syringyl phenols, benzoic acids (> 0.06), coumaryl
phenols (<0.21), hydroxybenzoic acids, and vanillyl phenols (> 0.3) could be established for
unambiguous Erica identification. In conclusion, serious caution should be given before
interpreting this calibration study in paleovegetation reconstruction in respect of degradation

and underground inputs of soil organic matter.

Keywords: paleoclimate; pollen; paleovegetation; oxidation; phenols; Erica; biomarkers;

machine learning

66



Publications and Manuscripts

1. Introduction

The present vegetation cover in mountain ecosystems is the result of subsequent historical and
ecological processes primarily influenced by climate and humans (Heiri et al., 2006; Umer et
al., 2007). However, natural versus human impact on ecosystem dynamics at a higher elevation
is difficult to quantify and is still speculative (Heiri et al., 2006; Jansen et al., 2010). To
reconstruct and draw full pictures of environmental changes over the past centuries, Ethiopia is
an ideal place for several reasons. Firstly, it is the origin of Homo sapiens and many other fauna
and flora. Secondly, it comprises diverse geographical zones attributed to various climatic
features (Terwilliger et al., 2008; Tiercelin et al., 2008). The Bale Mountains are one of the
Eastern Afromontane Biodiversity Hotspots, which encompass many endemic and endangered
species of Ethiopia (Hillman, 1988, 1986). Diverse topographical features of the Bale
Mountains are marked by altitudinal vegetation zones. The ecosystem of the Bale Mountains is
divided into three main regions and five distinct and unique habitats. The Southern declivity is
demarcated by moist Afromontane Harenna forest and a prominent Ericaceous belt whereas,
the central plateau is dominated by the Afro-alpine vegetation, and the Northern slopes
encompass dry Afromontane forest, as well as Gaysay grassland (Friis, 1986; Hillman, 1986;
Miehe and Miehe, 1994). The Afro-alpine regions of the Sanetti Plateau (38004377 m a.s.l.)
are characterized by tussock grasses (mainly Festuca spp.), dwarf shrubs, and herbaceous plants
(e.g. Alchemilla haumannii, Helichrysum splendidum and Lobelia rhynchopetalum) (Friis,
1986; Hedberg, 1964; Miehe and Miehe, 1994). The prominent Ericaceous belt dominant above
3300 m a.s.] shows different stages of post-fire succession and remains continuous up to 3800
m a.s.l. However, it becomes patchy on the Sanetti Plateau above 3800 m a.s.l. (Miehe and
Miehe, 1994). The characteristic species of the Northern slopes are Hagenia abyssinica,
Hypericum revolutum, Juniperus procera, and Podocarpus falcatus (Friis, 1986; Hillman,

1986).

In the Bale Mountains, the contemporary distribution of the Erica vegetation in specific and of
the Afro-alpine biodiversity in general is the legacy of climate change (Umer et al., 2007) or
human-induced driving factors like fire and grazing (Miehe and Miehe, 1994) or a combination
of both. Hitherto, this globally important ecosystem is still increasingly under threat of climate
change and human impacts (Kidane et al., 2012). The vegetation history of the Bale Mountains
was investigated and reconstructed using pollen records from lacustrine sediments and peat
deposits (Bonnefille, R and Hamilton, 1986; Bonnefille and Mohammed, 1994; Hamilton,
1982; Umer et al., 2007). The findings showed that Erica shrubs inhabited different altitudinal
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zones during different time periods. During the early Holocene, Erica shrubs had extended up
to the Sanetti plateau in response to increased moisture and temperature (Umer et al., 2007).
Erica shrubs and forest had retreated to lower altitude in response to lower rainfall at about
6000 cal years BP and onwards (Umer et al., 2007). Presently, Erica forming an Ericaceous

belt is located between 3300 to 3800 m. a.s.l. (Miehe and Miehe, 1994).

The biggest deterrent of pollen-based studies depends on pollen preservation and can be biased
by the dispersal potential of pollinators (Hicks, 2006; Jansen et al., 2010; Ortu et al., 2006). To
overcome such drawbacks, we tested, for the first time, the chemotaxonomic roles of phenol
biomarkers in the dominant plant species of the Bale Mountains. Chemical biomarkers are not
influenced by a dispersal of parent material and can be extracted from sedimentary archives and
soils and reflect more of the standing vegetation (Glaser and Zech, 2005). Therefore, they offer
the potential to complement pollen-based vegetation reconstructions and to detect vegetation at

a higher temporal and spatial resolution.

Polyphenols are the most widespread class of secondary metabolites, and ubiquitous in their
distribution (Ram Singh, 2016). Phenolic compounds are a major component of terrestrial
vascular plants (Ertel and Hedges, 1984) and may have lignin and non-lignin-derived
biochemical structures. Secondary metabolites, mainly phenolic compounds, are important for
cell wall structural formation, defense against pathogen, and environmental stress as well as
essential for survival of vascular plants (Mika et al., 2005; Ramakrishna and Ravishankar,
2011). Plant phenolic compounds also exhibited significant qualitative and quantitative
variation at different genetic level between and within species and clones (Hakulinen et al.,
1995; Nichols-Orians et al., 1993; Witzell et al., 2003). They are extensively used in botanical
chemosystematic studies (Mika et al., 2005). The chemotaxonomic values of polyphenolic
biomolecules such as tannins has been well recognized in the plant kingdom and the distribution
of hydrolysable tannins used as chemotaxonomic markers in the family Rosaceae (Méitti-
Riihinen et al., 2004; Okuda et al., 1992) and chestnut (family: Fagaceae) (Fernandez-Lorenzo
et al., 1999). Stilbenoids, family of polyphenols, due to its limited but heterogeneous
distribution in the plant kingdom also played a significant taxonomic role in the plant families
such as Vitaceae, Gnetaceae, and Fabaceae (Riviére et al.,, 2012). Notably gossypetin
(flavonol) are useful taxonomic marker for distinguishing Ericaceous species/genera (family:
Ericaceae) (Harborne and Williams, 1973). The absence of leucoanthocyanidins, ellagic acid
and phenyl-trihydroxylated characterized the genus Pittosporum (Pittosporaceae) (Jay, 1969).

Even if there is a need to encourage phenols application in chemotaxonomic studies/plant
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phylogeny, as more studies have been completed, some inconsistence has been revealed
(Giannasi, 1978). For instance the polyphenolic compound differences among the various tribes

of Anacardiaceae are not very pronounced (Umadevi et al., 1988).

Nevertheless, little has been done to chemotaxonomically characterize Erica and other keystone
species specifically in the Bale Mountains and generally in other similar geographical regions
using phenols as a tool for paleovegetation reconstruction. Apart from the chemotaxonomic
significance of phenols, the antioxidant and antibacterial activities of phenolic compounds by
Guendouze-Bouchefa et al. (Guendouze-Bouchefa et al., 2015), as well as the role of phenolic
compounds as indicators of presence of metals in the leaves of different genera in the family
Ericaceae by Marquez-Garcia et al. (Marquez-Garcia et al., 2012, 2009) were described
previously. The antioxidant strength of Erica species depend upon the total abundance of
phenolic compounds (Mérquez-Garcia et al., 2009). The abundance of phenolic compounds in
Festuca vallesiaca were also used as indictors of fodder quality. High contents of total phenolic
in the grass species are unfavorable for digestion (Djurdjevi¢ et al., 2005). Polyphenols obtained
from flowers of Helichrysum (family: Asteraceae) species are used by some folks as ethno-
medicine (Albayrak et al., 2010; Babota et al., 2018; Pljevljakusi¢ et al., 2018; Sroka et al.,
2004). The affinity bounds in plant systematic classification using profiles of phenolic
compounds were computed and compared, commonly using hierarchal cluster analysis (HCA)
and principal component analysis (PCA) (Cruz et al., 2008; Liu et al., 2013; Mika et al., 2005;
Pan et al., 2016).

While the overall aim of our research is to understand how humans benefited from and
re-shaped the African high altitude ecosystem during Quaternary climate changes, this study
mainly focuses on identifying the potential of plant derived phenolic compounds as a proxy for
unambiguous identification of Erica and other keystone species in the Bale Mountains. More
specifically, this research attempts to addresses the following questions: (i) Do phenol
biomarkers allow a chemotaxonomic differentiation of the contemporary dominant plant
species of the Bale Mountains? (ii) Which implications have to be drawn from those results for
planned paleovegetation reconstructions in the study area, e.g., concerning the reconstruction of the

former extent of Erica stands?

2. Material and Methods

2.1 Study Area
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2.1.1 Geomorphological Setting

The Bale Mountains belong to the Bale-Arsi mountain massif located 400 km Southeast of
Addis Ababa, Ethiopia (Hillman, 1986). They are situated between 39°03’ to 40°00’ longitude
(E) and between 6°29' to 7°10' latitude (N) (Figure 1-1). Lava mainly outpouring 40 million
years ago resulted in the formation of mountains and ridges up to 4377 m a.s.l.(Mohr, 1963).
The most extensive high altitude plateau (Sanetti Plateau) in Africa above 3000 m. a.s.l.,
comprised within the Bale Mountains National Park, extends to about 2,600 km? (Hillman,
1988; Kidane et al., 2012; Tiercelin et al., 2008; Umer et al., 2007). The Bale Mountains are
topographically divided into three major declivities: The Northern slopes (3000—-3800 m. a.s.l.),
the central plateau (3800—4377 m a.s.l), and the Southern Harenna escarpment (1400—-3800 m.
a.s.l.). The Sanetti Plateau is located in the center, on which the second highest peak of the
country Mt. Tulu Dimtu (4377 m a.s.l.) rests. The northern slope of the mountains is dissected
by the Togona Valley, which descends towards the extensive Arsi Plateau and further down to
the Great Rift Valley lowlands, which divide the country into two parts. The Southern slope
includes the steep Harenna escarpment and goes down to the surrounding lowland at about 1400
m a.s.l. (Hillman, 1988; Tiercelin et al., 2008). Repeated glaciations of the high altitudes created
typical features of glaciated landscapes with moraines and glacial lake (Osmaston et al., 2005;
Umer et al., 2007). Basalt and rhyolite are typical parent rocks (Billi, 2015) of the dominant
Cambisols and Leptosol at the Sanetti Plateau (Hedberg, 1964; Miehe and Miehe, 1994; Woldu
et al., 1989).
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Fig. 2—1: Map of the Bale Mountains showing the vegetation zones and study sites along the
Northeast and Southwestern transect (modified after Miehe and Miehe, 1994). Leaves
of the dominant vegetation within the Ericaceous and Afro-alpine belts were sampled

during the dry season in February 2015 and 2017.

2.1.2 Climate and Biota

The climatic conditions of the Bale Mountains depend on orography and are vulnerable to
extreme climatic conditions over the past years (Umer et al., 2007). The mean annual minimum
temperature in the mountainous region ranges between 0.6 to 10 °C with frequent frost during
winter season and mean annual maximum temperature ranges between 6—12 °C. The mean
annual temperature in Dinsho headquarter (3170 m a.s.1.) is 11.8 °C (Bonnefille, 1983; Tiercelin
et al., 2008). Precipitation in the Bale Mountains is influenced by the shift of the Inter Tropical
Convergence Zone (ITCZ) resulting in long rainy (March—September) and short dry (October—
February) seasons (Admasu et al., 2004). The Southern slopes of the Bale Mountains receive
high annual rainfall (1000-1500 mm year ') as compared to the Northern declivity (800—1000
mm year ') (Bonnefille, 1983; Tiercelin et al., 2008; Woldu et al., 1989). Moisture reaching
the Bale Mountains originates from the Red Sea, the Mediterranean Sea, the Indian Ocean, and

the Atlantic Ocean (Kebede and Travi, 2012; Miehe and Miehe, 1994; Segele et al., 2009).

The Bale Mountains National Park and its surrounding are home for more than 1300 vascular
flowering plant species and 50 mammal species (Dullo et al., 2015; Hillman, 1988). The
composition of enormous endemic and endangered fauna and flora labeled the Bale Mountains
as one of the biodiversity hotspot areas of the world. The distribution and abundance of the
contemporary vegetation in the Bale Mountains are shaped partly by human intervention and
often emphasizes the landforms and paleoclimate (Osmaston et al., 2005). Diverse
topographical variability in the Bale Mountains shows altitudinal zonation of vegetation. In
broad terms, floristically the mountains are divided into three topographical regions. The
southern declivity is delineated by moist Afromontane forest, Ericaceous belt and Afro-alpine
vegetation, whereas the central plateau is dominated by the Afro-alpine vegetation and the
northern slope encompasses dry Afromontane forest, Gaysay grassland, Ericaceous belt, and
Afro-alpine zones (Friis, 1986; Hillman, 1986; Miehe and Miehe, 1994). The Afro-alpine
regions of the Sanetti Plateau (38004377 m a.s.l.) are characterized by tussock grassland and
dwarf shrubs and herbaceous (e.g., Alchemilla haumannii, Helichrysum splendidum, and
Lobelia rhynchopetalum) plants. The Ericaceous belt (3300-3800 m a.s.l.) comprises forest,

thickets, and scrublands of Erica trimera and Erica arborea with mosses and grasses
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dominating in the ground layer. The Harenna forest (1500-3300 m a.s.l.) is a natural remnant
of a moist Afromontane forest dominated by broadleaved evergreen trees and clustered
floristically into two different classes. Around 1500-2300 m a.s.l., the forest is dominated by
Podocarpus falcatus associated with Croton macrostachyus, Pouteria adolfi-friederici,
Syzygium guineense, Warburgia ugandensis, and worth noting Coffea arabica. Between
2300- 3200 m a.s.l. Arundinaria alpina, Hagenia abyssinica, Hypericum revolutum, Erythrina
brucei, Prunus africana, and Schefflera volkensii are the dominant plants (Friis, 1986; Hillman,
1988; Miehe and Miehe, 1994; Umer et al., 2007; Woldu et al., 1989). Furthermore, the Bale
Mountains are center for faunal diversity and holds the highest rate of animal endemicity for a
terrestrial habitat anywhere in the world (Hillman, 1988). The mountains are known by its
flagship mammals like Mountain Nyala (7ragelaphus buxtoni), Ethiopian Wolf
(Canis simensis) and Giant mole rat (Tachyoryctes macrocephalus). Also about 180 bird

species and 14 amphibian species are inhabiting the Bale Mountains (Hillman, 1988, 1986).

2.2 Sample Collection

25 and 22 (total of 47) samples (leaves and twig) of locally dominant plant species were
collected in February 2015 and 2017, respectively along a SW and a NE transect (ranging from
2550 to 4377 m a.s.l. and 3870 to 4134 m a.s.l., respectively) (Fig. 2—1). Samples comprise
Erica trimera and Erica arborea (n = 29), Alchemilla haumannii Rothm. (n = 5), Festuca
abyssinica Hochst. ex A. Rich. (n = 7), Helichrysum splendidum (Thunb.) Less. (n = 4),
Kniphofia foliosa Hochst. (n = 1) and Lobelia rhynchopetalum Hemsl. (n = 1). All samples
were air-dried in the Soil Store Laboratory of the National Herbarium, Department of Plant
Biology and Biodiversity Management, Addis Ababa University. Samples were finely ground,
homogenized, and subjected to further biogeochemical analysis at the laboratories of the Soil

Biogeochemistry, Martin Luther University of Halle—Wittenberg.

2.3 Analysis of Phenolic Compounds Released after Alkaline CuO Oxidation

Phenolic compounds were extracted from 35 mg of dried plant leaf and twig samples using the
mild alkaline cupric oxide (CuO) oxidation method developed by Hedges and Ertel (1982) as
later modified by Goiii and Hedges (1992). Briefly, the samples were transferred into Teflon
digestion tubes together with 100 mg of (NH4)2Fe(SO4)2:6H>0O, 500 mg of CuO, 50 mg of
CesH 1206, 1 mL of ethylvanillin solution (100 mg L) as internal standard 1 and 15 mL of 2M
NaOH and digested at 170 °C for two hours under elevated pressure. Reaction products were

cooled overnight and transferred into centrifuge tubes. Then the phenolic compounds were
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purified by adsorption on C18 columns and desorbed by ethylacetate and concentrated under a
stream of nitrogen gas for 30 min. Residue was dissolved in 1 mL phenylacetic acid (PAA), as
internal standard 2 to determine the recovery of ethylvanillin before derivatization (Amelung
et al., 2002; Moller et al., 2002). Finally, the samples were derivatized using 200 uL. of BSTFA
and 100 pL of pyridine. Oxidation products of phenolic compounds were quantified using a Gas
Chromatography coupled to a Mass Spectrometry (SHIMADZU, GC-MS-QP2010, Kyoto,
Japan).

2.4 Data Analysis

After recovery correction, the content of each of sixteen phenolic compounds (in g kg™! TOC)
was calculated and groups of phenolic derivative of mild alkaline CuO oxidation products were

calculated according to Equations (1) — (6).

p-hydroxy = 4-Hydroxybenzaldehyde + 4-Hydroxyacetophenone + 4- 0

Hydroxybenzoic acid
Vanillyl (V) = vanillin + 4-hydroxy-3-methoxyacetophenone + vanillic acid (2)

Syringyl (S) = syringaldehyde + 3,5-dimethoxy-4-hydroxyacetophenone +

syringic acid G)

Coumaryl (C) = p-coumaric acid + ferulic acid 4)

Benzoic acids = benzoic acid + salicylic acid + phthalic acid %)
Hydroxy-Benzoic-Acids = 3-hydroxybenzoic acid + 4-hydroxybenzoic acid ©)

+ 3,5-dihydroxybenzoic acid

2.4.1 Hierarchical Clustering and PCA

Calibrated and normalized data sets of the analytical results were subjected to Principal
Component Analysis (PCA, Fig. S2) and hierarchical clustering (AHC) using Euclidean
measurement of distances and Ward method for linkage calculation to examine taxonomic
differences based on phenolic compounds. Z-score normalization method, Z = (X-mean (X))/sd
(X), were used to standardize data. Furthermore, descriptive statistics (notched box plot and
scatter plot) were performed to identify an unambiguous biomarker using R free software

version 3.6.0.
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2.4.2 Machine Learning

We examined three different machine learning algorithms (Random forest, Support Vector
Machines, and Recursive Partitioning) regarding their accuracy (Fig. S1A) and F1 score (Fig.
S1B) based on different proportions of training and prediction dataset with five replications.
Due to the reliable performance of Random forest classification of Erica vs. non-Erica species,
we looked for the most important features in a 2/3 to 1/3 training against prediction setting. To

verify the reliability of the used model, cross-validation has been performed (Fig. S3).

3. Results and Discussion
3.1 Distribution and Diversity of Phenols

A typical gas chromatogram of phenolic compounds released after mild alkaline CuO oxidation
illustrates the compositional complexity of a typical plant sample (Lobelia rhynchopetalum,
Fig. 2-2). The mean weighted sum of phenols content of Alchemilla haumannii, Erica spp.,
Helichrysum splendidum, Kniphofia foliosa, Lobelia rhynchopetalum, and Festuca abyssinica
were 18, 16, 22, 6,22, and 51 gkg ! TOC, respectively (Table S1).

@
g 2
s s
= £
=
7] & B a
©n = o0 a
c (=} = @ &
[=] S o .2 Q
o S g8 ?
w ~ %G T o
U o c SR E =
[7] = a e o
23 @ < 2 = > - @
~ ° o > T 2 o
s Z 3 3 EPQ £ B ©
cu < = 0 T Bty N G
= o & o &) = oy 5 -
c o 2 3 Z axT - CE o o ||
= Al 1) =1 0 wn O = 5 Ly > = e
[ = = 3 N =& 2 =£ = S| © =
= © u-’ @ 2 = O @ = o © £ o
= o 2 s = £ 3 oo s £ ol § g
= S = x o [} = T2 >E % | O -
© g o 2 5 = Eh £90 a £ £ 9 g &
B £ < S
c § |S < 2 3= 2 2= h O E| & S
o L > T = > a® 3 ah @A 2 5
bo 5l0 -] = T T = k= an m 2 S5 9
(7] 1 S 3 i g Z £ m 2 g
(7] = < = = 5 o
= # & < g
5 )
@
! M
o

\\|\\I\‘I\II‘I\\I‘II\\|\II\|\\I\‘I\II‘II\I‘II\I|\III|III\|I\II‘IIII|\III|\I
3.0 3.5 40 45 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 95 100

Retention Time [min]

Fig. 2-2: Typical gas chromatogram of phenolic compounds released after alkaline CuO

oxidation of Lobelia rhynchopetalum.

Festuca abyssinica (Poaceae) is characterized by high abundance of coumaryl phenols
(p-coumaric acid, ferulic acid) and syringyl phenols (syringic acid, 3,5-Dimethoxy-4-
hydroxyacetophenone; Fig. 2-3) and low abundance of vanillyl phenols and benzoic acids
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(Table 1-1). Similarly, the phenolic compounds from Festuca vallesiaca species investigated
in Serbia accounts for low benzoic acid derivatives and high coumaryl phenols (p-coumaric
acid, ferulic acid). The total phenolics extracted from Festuca vallesiaca using Soxlet extraction
and later quantified by HPLC is 26.1 mg g ! (Djurdjevi¢ et al., 2005). In the grass taxon, most
of phenol-related information was provided by coumaryl phenols (p-coumaric acid, ferulic acid)
due to ample presence of the enzyme phenyl (thyrosine) ammonia-lyase and it is known for its
high biological activity (Chesson et al., 1982; Djurdjevi¢ et al., 2005; Mika et al., 2005). The
abundance of coumaryl phenols in our Poaceae samples holds one third of the total phenols.
Likewise, Hedges and Mann (1979) stated that non woody vascular angiosperm plants have
characteristic products of coumaryl phenols and it accounts for approximately one third of the
total phenolic compounds. Lobelia rhynchopetalum and Kniphofia foliosa have high abundance
of benzoic acid and 4-hydroxy-3-methoxyacetophenone (Table 1-1). The total phenolic
contents of Lobelia chinensis measured by the Folin-Ciocalteu methods is 4.7 mg GAE g ! (Li
et al., 2008).

0.6

0.5

Relative contribution
03 0.4
| |

0.1
]
o]

Alchemilla Erica Helichrysum Kniphofia Lobelia Poaceae

Fig. 2-3: Notched box plots illustrating the abundance of coumaryl phenols in the
dominant plant species of the Bale Mountains. The box plots indicate the median
(solid line between the boxes), interquartile range (IQR) with upper (75%) and
lower (25%) quartiles and possible outlier (empty circles). The notches display the

confidence interval around the median within +1.57*IQR/n.

The sum of p-hydroxy phenols in the leaves unambiguously identifies Helichrysum splendidum
from the other dominant plant species of the Bale Mountains (Fig. 2—4). Qualitative analysis by
thin layer chromatography (TLC) of the inflorescence of Helichrysum showed the presence of
phenolic acids such as syringic, coumaric, and p-hydroxybenzoic (Sroka et al., 2004). The total
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phenolic contents extracted from different species of Helichrysum in Eastern Anatolia, Turkey
ranges between 72 to 146 mg GAE g ! (Albayrak et al., 2010). On the other hand, Erica species
were characterized by high coumaryl (Fig. 1-3) and low p-hydroxy phenols (Fig. 2—4). The
genus Erica (family: Ericaceae) is characterized by having polyphenols (p-coumaric acid
derivate, vanillic acid, cinnamic acid derivate, and caffeic acid) and flavonoids (Guendouze-
Bouchefa et al., 2015). The total phenolic compounds determined via Folin-Ciocalteu method
and analysis by HPLC for Erica arborea and Erica multiflora are 71 and 68 mg GAE g !,
respectively (Guendouze-Bouchefa et al., 2015). In the genus Erica among the flavonoids,
dihydromyricetin 3-O-a-L-rhamnopyranoside is the most important chemotaxonomic marker
(Nazemiyeh et al., 2008). Each of the dominant plant species on the Bale Mountains is profiled
by a different abundance of phenolic compounds (Table 1-1).

Table 1-1: Summary of the relative abundance of individual phenols profiled in each

dominant plant species. Key: T (higher) and { (lower).

Relative Contribution Alchemilla Erica Helichrysum Kniphofia  Lobelia Poaceae
Vanillyl phenols ) \2
Vanillin

Vanillic_acid

4 hydroxy 3 methoxyacetophenone

Syringyl phenols T \2 )
Syringaldehyde

Syringic_acid

3 5 dimethoxy 4 acetophenone

Coumaryl phenols ) J 0
p_coumaric_acid

Ferulic_acid

p_hydroxy phenols { )

4 hydroxybenzaldehyde

4 hydroxybenzacetophenone

Benzoic_acids ) ) \
Benzoic_acid

Salicylic_acid

Phthalic_acid

Hydroxy benzoic_acids T J 0
3 hydroxybenzoic_acid

4 hydroxybenzoic_acid

3 5 Dihydroxy benzoic acid
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Fig. 2—4: Notched box plots show the relative abundance of p-hydroxy phenols in the
dominant plant species of the Bale Mountains. The box plots indicate the median
(solid line between the boxes), interquartile range (IQR) with upper (75%) and
lower (25%) quartiles and possible outlier (empty circles). The notches display the

confidence interval around the median within +1.57*IQR/vn.

Even though Kniphofia foliosa has lower phenolic content, the quantitative values of Shannon-
Wiener phenol diversity index (H= - sum (pi)[In(pi)]) indicated that Kniphofia foliosa has
evenly distributed phenolic compounds. By contrast, Helichrysum splendidum has less evenly
distributed phenolic compounds (Table 1-2). Innovative techniques and widespread occurrence
of secondary metabolites like phenolic profiles in the plant diversity allow low taxonomic level

chemosystematic studies (Mika et al., 2005; Ram Singh, 2016).

Table 1-2: Phenol Diversity Index.

Species Diversity Index (H)
Alchemilla haumannii 2.28
Erica spp. 2.19

Helichrysum splendidum 1.63
Kniphofia foliosa 2.47
Lobelia rhynchopetalum  2.09

Festuca abyssinica 2.17
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3.2 Cluster Analysis of Phenolic Compounds

The cluster analysis computed for 47 plant samples grouped the dominant plant species into six
groups, as shown in Fig. 2-5. In the cluster, Poaceae and Lobelia species are grouped
independently (there are two independent Poaceae groups), while the other dominant species
Erica, Kniphofia, Helichrysum, and Alchemilla were clustered together into two different
groups (Fig. 2-5). Therefore, no unambiguous identification of Erica is possible, but identify
the former extent of the distribution of Poaceae in the Bale Mountains using alkaline CuO
phenol products might be feasible (Fig.2-5). Previously, some studies used phenolic
compounds to systematically characterize grasses even at lower taxonomic level (Ram Singh,
20168). However, phenols are environmentally labile secondary metabolites. As a result,
caution should be given before extraction and standardizing the growing condition and growth
stage of the sample materials (Mika et al., 2005; Ramakrishna and Ravishankar, 2011;
Stankovi¢ et al., 2017). Thus far, our cluster analysis did not justify which phenol type is the
most determining characteristic for the identification of the dominant plant species, one from
the other. The only obvious independent group is the Lobelia, and Poaceae is also somewhat

distinct. Therefore, the ambiguity is less clear for all the rest.
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Fig. 2-5: Agglomerated Hierarchical Cluster analysis of the dominant plant species of the
Bale Mountains based on the abundance of phenolic compounds (g kg ! TOC).
Euclidean measurement of distances and Ward method for linkage calculation

applied to cluster a normalized dataset (Z-score normalization, Z = (X-mean (X))/sd

(X))
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3.3 Biomarker Identification

The ratios of syringyl over vanillyl (S/V) and cinnamyl over vanillyl (C/V) phenols, which were
used previously as a source proxy did not turn out to be useful in the present study to categorize
the dominant plant species (Fig. 2—6). The ratios of S/V and C/V allowed us to distinguish
organic matter sources in soil and sediments (Hedges and Mann, 1979). However, these ratios
cannot provide profound results of plants belonging to the same taxon (Thevenot et al., 2010).
The limitation of S/V and C/V ratios to pinpoint the source of organic matter in soils and
sediments of the same taxon were described in detail by Thevenot et al. (2010). Here, we also
proved that the ratios of S/V and C/V were unable to characterize modern plants of the same
taxon at least in our study area (Fig. 2—6). The drawback of those ratios could be associated
with the overlap between plant molecular signatures (Diimig et al., 2009; Thevenot et al., 2010).
The sampled woody vegetation (e.g Erica, Helichrysum) in the present study exhibited C/V
ratios higher than zero. However, Hedges and Mann (1979) stated that woody gymnosperm and

angiosperm plants are characterized by C/V ratio nearly equal to zero.

Alchemilla Kniphofia &
Erica * Lobelia B
Helichrysum + Poaceas L&
Fiy
3 ad
% 2 Fi . .
L] & ¢
Fay
* .
7 i AR 22y - s ”
3 [ TN
i Iy Oﬂ. y " * *
L
]
U -
T T T T T T
0 1 2 3 4 5
cN

Fig. 2—6: Two-dimensional plot illustrating the ratios of syringyl vs. vanillyl (S/V) and
coumaryl vs. vanillyl (C/V) phenols of the dominant plant species under study.

We here evaluated the phenolic compounds via the classical approach such as hierarchal
clustering, 2D plots analysis using source proxies (S/V and C/V) to chemotaxonomically

characterize locally dominant plant species in the Bale Mountains. Both approaches failed to
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explicitly characterize the dominant plant species. However, we found that Erica vegetation in
the Bale Mountains can be identified using the relative contribution of coumaryl phenols (> 0.2)

and benzoic acids (0.05-0.12; Fig. 2-7).
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Fig. 2—7: Two-dimensional plot of the relative contribution of the sum of coumaryl phenols
(p-coumaric acid + ferulic acid) and benzoic acids (benzoic acid + salicylic acid +

phthalic acid) in the dominant plant species under study.

The three different machine-learning algorithms namely Support Vector Machine, Random
Forest, and Recursive Partitioning were tested to unambiguously identify Erica vegetation
based on our phenolic compounds dataset. Among the tested machine learning approaches,
Random Forest performed best. The proposed algorithm has been shown to be better in terms
of various performance indicators like accuracy (Fig. S1A) and Fl-score (Fig. S1B). In the
experiment using relative phenols dataset, the key variable for chemotaxonomic classification
of the contemporary species in the Bale Mountains are given in Fig. 2-8. Among them, benzoic
acids (<0.06) and coumaryl phenols (0.21) were the most decisive variables to identify Erica
from the other species (Figs. 1-7 and 1-8). The cross-validation of the used model is shown in

Fig. S3.
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Fig. 2-8: Set of relative phenols variables used for chemotaxonomy ordered by their
importance as estimated by the Random Forest model. 32 training sample sets and

10,000 number of trees were used to compute the model.
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Fig. 2-9: Representative decision tree of Random Forest (RF) model using relative phenols
contribution. 32 training sample sets and 10,000 number of trees were used to

compute the model.

4. Conclusions

Unambiguous identification of chemical proxies using mild alkaline CuO oxidation products

of phenols were not simple to apply on plants of the same taxon growing along the SW and NE

exposed transects in the Bale Mountains. Nonetheless, leaves and twigs of the woody Erica

shrubs can be distinguished from leaves of the present day dominant herbaceous Poaceae and

other lower plants by the relative abundance of coumaryl phenols and benzoic acids. However,

as it is known that coumaryl phenols are preferentially degraded in soils, these proxies are not

suitable for the evaluation of sites covered in former times by Erica (reconstruction of

paleovegetation in soils and sediments). To avoid such ambiguities in future studies,
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identification of other suitable proxies such as tannin-derived phenols and terpenoids are

recommended.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-
7747/8/7/228/s1, Figure S1: Comparison of Accuracy (A) and F1 Score (B) of Support Vector
Machine (SVM, blue), Random Forest (RF, red) and Recursive Partitioning (RP, grey)
algorithm based on the level of relative phenols, in relation to the ratio of tested/total number
of samples (n = 47) that has been split into test and training datasets, each model has been
computed 5 times, the bars indicate the standard derivation between the prediction results of
the models; Figure S2: Principal Component Analysis, PCA based on the relative phenol
abundance in 47 leaf and twig samples from the Bale Mountains, shown are the first two
principal components (PC1 and PC2). Dark red arrows indicate the direction of each vector of
feature; Figure S3: Cross-validation of the model used; Table S1: Sum of weighted mean of

phenolic compounds of each dominant plant species.
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Abstract

Eastern Africa is an underrepresented region in respect of monitoring the stable isotopic
composition of precipitation (8'®Oprec and §?Hprec). In 2017, we collected precipitation samples
from ten weather stations located along an altitudinal transect ranging from 1304 to 4375 m
a.s.1. The 8'80prec and §*Hprec values varied from —8.7 to +3.7%o and —38 to +29%o, respectively.
The local meteoric water line is characterised by a lower slope, a higher intercept and more
positive d-excess values (8H =5.3 £ 0.2 *5'%0 + 14.9 + 0.9) compared to the global meteoric
water line. Both altitude and amount of precipitation clearly correlate with our isotope data.
However, the §'"®Oprec and 8*Hprec values show at the same time a seasonal pattern reflecting
rainy versus dry season. More enriched isotope values prevailed shortly after the end of the dry
season; more negative isotope values coincided with high precipitation amounts recorded in
May, August and September. Moreover, HY SPLIT trajectories reveal that during the dry season
water vapor originates primarily from the Arabian Sea, whereas during the wet season it
originates primarily from the Southern Indian Ocean. These findings challenge the traditional
amount effect interpretation of paleoclimate isotope records from Eastern Africa and rather

point to a previously underestimated source effect.

Key Words: Bale Mountains, East Africa, §°H, §'%0, amount effect, altitude effect, source

effect, trajectories
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Abstract

The hydrogen isotope composition of leaf wax-derived n-alkane (§?Hy-alkane) and oxygen isotope
composition of hemicellulose-derived sugar (8'®Osygar) biomarkers are valuable proxies for
paleoclimate reconstructions. Here, we present a calibration study along the Bale Mountains in
Ethiopia to evaluate how accurately and precisely the isotope composition of precipitation is
imprinted in these biomarkers. n-Alkanes and sugars were extracted from the plant and topsoil
samples and compound-specific 6*Hy-aikane and 8'®Osuear values were measured using a gas
chromatograph-thermal conversion-isotope ratio mass spectrometer (GC-TC-IRMS). The
weighted mean 8?H-aiane and 8'®Ogygar values range from —186 to —89%o and from +27 to
+46%o, respectively. Our results provide no evidence for degradation and/or root input affecting
the isotope composition of the biomarkers in topsoils. Yet, the 8*Hy-alkane values show a
statistically significant species dependence and §'®Osugar yielded the same species-dependent
trends. The reconstructed leaf water of Erica arborea and Erica trimera is *H- and '*O-enriched
by +55 £ 5 and +9 + 1%, respectively, compared to precipitation. By contrast, Festuca
abyssinica reveals the most depleted 6*Hy-aikane and 8'®Osugar values. This can be attributed to
“signal-dampening” caused by basal grass leaf growth. The intermediate values for
Alchemilla haumannii and Helichrysum splendidum can be likely explained with plant
physiological differences or microclimatic conditions affecting relative humidity (RH) and thus
RH-dependent leaf water isotope enrichment. While the actual RH values range from 69 to 82%
(X = 80 £ 3.4%), the reconstructed RH values based on a recently suggested coupled §*H,-aikane-
5'"80sugar (paleo-) hygrometer approach yielded a mean of 78 + 21%. Our findings corroborate
(1) that vegetation changes, particularly in terms of grass versus non-grassy vegetation, need to
be considered in paleoclimate studies based on 8*Hy.-aikane and 8'®Osygar records and (ii) that the
coupled 8?Hj-alkane-8'*Osugar (paleo-) hygrometer approach holds great potential for deriving

additional paleoclimatic information compared to single isotope approaches.

Keywords: n-alkane, hydrogen-2, sugar, oxygen-18, evapotranspirative enrichment,

(paleo-) hygrometer
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1. Introduction

The compound-specific hydrogen isotope composition of leaf wax-derived n-alkanes
(8°H -alkane) and oxygen isotope composition of hemicellulose-derived sugars (5'®Osugar) serve
as proxies in paleoclimate and -environmental studies (Hepp et al., 2017; Tuthorn et al., 2015;
Zech et al., 2014a, 2013b). The above-mentioned biomarkers are preserved for a long period of
time (Eglinton and Hamilton, 1967; Eglinton and Eglinton, 2008; Glaser and Zech, 2005; Zech
et al., 2014a) and their application was tested in different paleoclimate archives; for instance
lake sediments (Hepp et al., 2015; Sachse et al., 2004; Zech et al., 2014b), loess-paleosols
(Buggle and Zech, 2015; Zech et al., 2013b), and tree rings (Gessler et al., 2009). The isotope
composition of 8*Hy-aikane and 8'®Ogugar from terrestrial vascular plants primarily reflects the
isotope composition of precipitation. In turn, the isotope composition of §?Hprec and §'3Oprec 0N
the continents is mainly controlled by different site and climatic factors. Amongst others, these
include latitude, altitude, distance to the coast, temperature, source and amount of precipitation,
relative humidity, wind, cloud and rain type/size as well as size and type of convection
(Aragués-Araguas et al., 2000; Craig, 1961; Dansgaard, 1964; Gonfiantini et al., 2001;
Rozanski et al., 1993).

Some studies reveal the absence of isotope fractionation during decomposition (Zech et al.,
2012b) and water uptake by the roots (Ehleringer et al., 1991; Feakins and Sessions, 2010;
White et al., 1985). Nevertheless, caution must be given when using 8*Hy-alkane for paleoclimate
reconstruction due to the effects of degradation and synthesis of leaf wax-derived n-alkanes by
microorganisms (Brittingham et al., 2017; Zech et al., 2009, 2012a). Similarly, investigations
on halophytic and xerophytic plants show evidence of hydrogen isotope fractionation during
water uptake at the root-soil interface (Ellsworth and Williams, 2007; Ladd and Sachs, 2015).
Apart from this, it is well known that leaf water is isotopically more enriched than plant source
water due to evapotranspiration. This enrichment is primarily dependent on relative humidity
(RH) and can challenge a robust &’Hprec and 8'®Oprec reconstruction (Zech et al., 2015).
Moreover, the evaporative enrichment of leaf water affects the *Hy-aikane and 8'®Osugar values
of monocot and dicot plants at different magnitudes. This latter effect is called “signal-
dampening” and causes grasses to have generally depleted compound-specific stable hydrogen
and oxygen isotope values than broad-leaf plant species (Hepp et al., 2020, 2019). Hence, the
interpretation of the isotope composition of plant-derived biomarkers should consider (i) the
isotope composition of precipitation, (i) RH-dependent evapo(transpi)rative enrichment of leaf

water, (ii1) biosynthetic fractionation and signal-dampening (cf. section 2.5).
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Some years ago, Zech et al. (2013b) proposed a coupled 8*Hy-aikane-8'®Osugar approach. This
coupled approach aims at providing additional information to reconstruct paleoclimate and
allows the reconstruction of ?°H and §'%0 source water (8*Hsource water and 8'®Osource water) and
deuterium excess (d-excess, a proxy for RH). This approach was validated along a climate
transect across Argentina (Tuthorn et al., 2015) as well as South Africa (Strobel et al., 2020)
and yielded a highly significant correlation between actual and reconstructed RH and
precipitation. The coupled approach was also successfully applied to eolian/loess-paleosol
sediments and lacustrine sediments to reconstruct paleoclimate changes (Hepp et al., 2019,
2017; Zech et al., 2013b). The concept of using both §?°H and §'30 was independently developed
for tree-ring cellulose to deduce RH (Voelker et al., 2014).

The main objective of the present study was to evaluate how accurately and precisely the isotope
signature of contemporary precipitation and RH are imprinted on compound-specific stable
isotopes of leaves and topsoils of the Bale Mountains. More specifically, we answer the
following questions: (I) Are there systematic 8’Hy-aikane and 8'®Oguear differences between
leaves, O-layers, and An-horizons? (II) Do n-alkane and sugar biomarkers in leaves and topsoils
reflect *Hprec and 8'8O0prec? (II1) Are there systematic §?Hy-alane and 8'®Ogygar differences among
the keystone plant species? (IV) Does the application of the coupled 8*Hy-aikane-8'®Osugar
(paleo-) hygrometer approach provide additional information compared to the single isotope

approaches?

2. Material and Methods
2.1 Geography of the Bale Mountains

The Bale Mountains are located 400 km southeast of Addis Ababa, capital of Ethiopia, and
belong to the Bale-Arsi Mountains massif (Fig. 4-1). The Bale Mountains National Park
(BMNP) is situated between 39°28  to 39°57 longitude (E) and between 6°29 to 7°10’ latitude
(N), spanning a large altitudinal (1400 to 4377 m a.s.l.) gradient (Hillman, 1988, 1986; Mieche
and Miehe, 1994; Tiercelin et al., 2008). The study area was described previously in detail by
Lemma et al. (2020, 2019a, 2019b). Briefly, the Bale Mountains are topographically divided
into three major parts: The northern slopes (30003800 m. a.s.l.), the central Sanetti Plateau
(38004377 m a.s.l), and the southern Harenna escarpment (1400—3800 m. a.s.l.). The Sanetti
Plateau is located in the center, on which the second highest peak of the country Mt. Tulu Dimtu
(4377 m a.s.l.) perches (Friis, 1986; Hillman, 1986; Miche and Miehe, 1994). The northern
slopes of the mountains are dissected by the Togona Valley, which descends towards the

extensive Arsi Plateau and further down to the Great Rift Valley lowlands, which divide the
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country into two parts. The southern slope includes the steep Harenna escarpment and goes
down to the surrounding lowland at about 1400 m a.s.l. The vegetation shows an altitudinal
zonation comprising the Afromontane forest (1450-2000 m a.s.l.), the upper montane forest
dominated by Hagenia — Hypericum species (20003200 m a.s.l.), the Ericaceous belt
(3200- 3800 m a.s.l.), and the Afro-alpine zone (3800—4377 m a.s.l.) being dominated by
dwarf—shrubs (e.g., Helichrysum, Alchemilla), herbs, and grasses (mostly Festuca) (Hillman,
1988; Miehe and Miehe, 1994; Woldu et al., 1989).
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Fig. 4-1: Map of vegetation zones and sample sites (red dots) along the southwest and northeast
transect in the Bale Mountains (modified after Miehe and Miehe, 1994 and published in
Lemma et al., 2019a; 2019b and Mekonnen et al., 2019).

The crust of the Bale Mountains is of volcanic origin, the soils which are developed from the
basaltic, rhyolitic, and trachytic parent rock, can be generally characterized as silty loams of
reddish-brown to black colour (Woldu et al., 1989). Nevertheless, the mountain's summit higher
than 3000 m a.s.] were substantially flattened by repeated glaciations (for example between
20 — 12 cal kyr BP), the soils developed from such glacial rocks are usually shallow and gravelly
(Hedberg, 1964; Osmaston et al., 2005). Therefore, Andosols are the most ubiquitous soil type
but also Cambisols and Leptosols are prevalent in some parts of the Bale Mountains. In the
wetland and sedimentary basin, Gleysols and Histosols, and in rock shelters, Anthrosols are

also a common soil type (Billi, 2015; Yimer et al., 2006).
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2.2 (Paleo)-climate

The Bale Mountains are historically vulnerable to extreme climate changes that depict
quaternary glacier cover with a spatial extent of about 180 km? (Osmaston et al., 2005; Umer
et al., 2004) and anthropogenic impacts (Gil-Romera et al., 2019; Ossendorf et al., 2019). The
chronology of lacustrine sediment from the lake Garba Guracha (a glacial lake at 3950 m a.s.1.)
dated back to the Late Glacial (~ 16.5 cal kyr BP) illustrates the presence of regional climate
events, the African Humid Period (AHP), that encompasses major dry fluctuations such as
Younger Dryas (YD), 6.5 cal kyr BP and 4.2 cal kyr BP (Bittner et al., 2020; Umer et al., 2007).
A pollen record from the lake sediment shows vegetation response to climate change. Around
13.4 cal kyr BP, indicators of arid climate vegetation like Artemisia and Amaranthaceae
declined and Cyperaceae increased, suggesting a change to moister conditions. The marked
change on organic lake sedimentation during the onset of Holocene reflects the expansion of
woody vegetation like Erica across the Sanetti Plateau (Umer et al., 2007) and aquatic biomass
production (Bittner et al., 2020) in response to increased moisture and temperature. Thus the
biodiversity of the Bale Mountains is the legacy of natural Holocene vegetation change (Umer

et al., 2007) and anthropogenically induced fire (Gil-Romera et al., 2019).

Currently, the climate of the Bale Mountains is characterized by four months (November to
February) of dry season and eight months (March to October) of wet season (Kidane et al.,
2012; Lemma et al., 2020). The seasonal migration of Intertropical Convergence Zone (ITCZ)
determines the present climate and rainfall patterns of the Ethiopian Highlands (Tiercelin et al.,
2008). The highest annual rainfall occurs in the southwestern part (1000—1500 mm per year)
and the northern part of the mountains exhibits annual rainfall ranging between 800—1000 mm
per year (Miehe and Miehe, 1994; Tiercelin et al., 2008). Moisture during the dry season
originates primarily from the Arabian Sea, whereas during the wet season it originates primarily
from the Southern Indian Ocean (Lemma et al., 2020). The Afro-alpine regions of the Bale
Mountains are characterized by a large diurnal temperature range of 40 °C (=15 to + 26 °C)
(Hedberg, 1964; Hillman, 1988). Even if there is a wider variability of climate in the Bale
Mountains, only few records are reported. The highest mean annual temperatures in the
mountains peaks range between 6—12 °C. At Dinsho (headquarter of the BMNP, 3170 m a.s.l.)
the mean annual temperature is 11.8 °C. The lowest mean annual temperatures range from
0.6—10 °C with frequent frost occurring in the high peak areas during the winter season

(Tiercelin et al., 2008).
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2.3 Sampling

For the present study, 25 leaf samples of locally dominant plant species were collected
(Fig. 4- 1) along a southwestern and a northeastern transect (ranging from 2550 to 4377 m a.s.L.
and 3870 to 4134 m a.s.L., respectively). Samples comprise Erica trimera (n=5), Erica arborea
(n=5), Alchemilla haumannii (n=5), Festuca abyssinica (n=6), Helichrysum splendidum (n=2),
Kniphofia foliosa (n=1) and Lobelia rhynchopetalum (n=1). Photos illustrating the investigated
plant species were previously published by Mekonnen et al. (2019). Additionally, 15 organic
surface layers (= O-layers, strongly humified plant residues) and 22 mineral topsoils
(= An-horizons, 0-10 cm soil depth) that developed under the above-listed locally dominant
vegetation were collected, resulting in 62 samples in total. All samples were air-dried in the
Soil Store Laboratory of the National Herbarium, Department of Plant Biology and Biodiversity
Management, Addis Ababa University. In the laboratory of the Soil Biogeochemistry Group,
Martin Luther University of Halle—Wittenberg, the samples were sieved using a mesh size of

2 mm, finely ground, homogenized, and subjected to further biogeochemical analysis.

Additionally, from ten newly established weather stations, we recorded RH, temperature, and a
total of 164 precipitation samples were collected along an altitudinal transect ranging from
1304 to 4375 m a.s.l. The §*Hprec and §'®0prec as well as RH and temperature records above
2550 m a.s.l. were used for the present study. For more details, information regarding the spatial
and temporal *H and '80 isotope variation of the contemporary precipitation in the Bale

Mountains, the readers are referred to (Lemma et al., 2020).
2.4 Compound-specific 8*Hy-alkane and 8'8Osugar analyses

Leaf wax-derived n-alkanes were extracted from 0.5 to 1 g of leaves, O-layers and An-horizons
using Soxhlet extraction by adding 150 ml of dichloromethane (DCM) and methanol (MeOH)
as solvents (9:1 ratio) for 24 h following a method modified after Zech and Glaser (2008). 50
ul of Sa-androstane were added to the total lipid extracts as an internal standard. Total lipid
extracts were separated over aminopropyl pipette columns (Supelco, 45 um). Three lipid
fractions containing the n-alkanes, alcohols, and fatty acids were eluted successively by using

3 ml of hexane, DCM/MeOH (1:1), and diethyl ether and acetic acid (95:5), respectively.

The compound-specific stable hydrogen isotope analyses of the most abundant n-alkanes (Cazo9
and Cs1) were determined using Trace GC 2000 coupled to a Delta V Advantage IRMS via a
thermal conversion reactor (GC IsoLink) and a ConFlo IV interface (GC-TC-IRMS, Delta V,

Thermo Fisher Scientific, Bremen, Germany) operating in pyrolysis mode with reactor
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temperature of 1420 °C. The GC was equipped with a split/splitless injector and an Rtx-5 Sil
MS column (30 m length, 0.25 mm inner dimeter, 0.5 pm film thickness). Each sample was
analysed in triplicate and measurements of n-alkane standards (Cz7, Cz9, C33) with known
isotope composition (Arndt Schimmelmann, Indiana) at various concentrations were embedded
in-between the three sample batches. The H3 factor was determined before and after each

sequence and was stable at 7.57 £ 0.29 (n = 6) during the measurement campaign.

The hemicellulose-derived sugars were extracted hydrolytically (105 °C, 4 h) from aliquots of
leaves, O-layers, and Ap-horizons using 10 ml of 4M trifluoroacetic acid (TFA) following the
method described by Zech and Glaser (2009). The extracted monosaccharides were purified via
XAD-7 and Dowex 50WXS8 resin columns as proposed by Amelung et al. (1996). For
quantification, one-fifth of the freeze-dried sugar samples were derivatized using N-methyl-
pyrrolidone (NMP) and heated for 30 min at 75 °C. After cooling, the samples were subjected
for the second derivatization using 400 pl bis(trimethylsilyl) trifluoroacetamide (BSTFA) and
heated again for 5 min at 75 °C. For compound-specific §'®Osygar analyses, the remaining four-
fifth of the samples were derivatized using the methyl-boronic acid (MBA; 4 mg in 400 pl
pyridine) derivatization method and heated for 1 h at 60 °C (Zech and Glaser, 2009).

The compound-specific stable oxygen isotope values were determined using a Trace GC 2000
coupled to a Delta V Advantage IRMS via an '30-pyrolysis reactor (GC IsoLink) and a ConFlo
IV interface (GC-Py-IRMS, Delta V, Thermo Fisher Scientific, Bremen, Germany). The GC
was equipped with a split/splitless injector and an DB-5MS+DG column (60 m length, 0.250
mm inner dimeter, 0.25 um film thickness). Samples were injected in splitless mode and
analysed in triplicate. For measurements precision standard blocks of derivatised sugars
(arabinose, fucose and xylose) of known isotope composition at various concentrations were

embedded in-between the six sample batches.

The measured 8°H-aikane and 8'®Ogyear values were corrected for drift and amount-dependence,
according to Zech and Glaser (2009). Out of 62 samples, five samples (four O-layers and one
An-horizon below Erica) were rejected from further data evaluation and interpretation due to
peak areas below detection limit. Similarly, the sugar biomarker fucose was excluded from data
evaluation due to too low peak areas. Mean standard error for triplicate measurements of the
remaining 57 samples are 0.8%o, 0.9%o, 3.1%o, 2.3%o for arabinose, xylose, C29, and C31 alkanes,
respectively. The standard error for the sugars and n-alkanes standards was 2%o (n = 22) and
5%o (n = 28), respectively. In the following, 5°H,-aiane values refer to weighted mean values of

Ca9 and Cs1, and 8'®Osugar values refer to weighted mean values of arabinose and xylose. The
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weighted mean for §?H -aikane and 8'Osygar values were calculated using the relative amounts of
Ca9 and C3; as well as arabinose and xylose, respectively. The 6H-alkane and 8'3Ogygar values are
reported in per mil (%o) according to the usual d-notation relative to Vienna Standard Mean

Ocean Water (V-SMOW) given in equation 1.

o= (Rsample/ Ristandard — 1) X 103 (1)
where R refers to the ratio of '*0/!0 and *H/'H for the sample or standard (V-SMOW)

materials.

2.5 Conceptual framework for interpreting the coupled 8*Hj-aikane-8'®Osugar approach:

reconstruction of leaf water, source water, d-excess, and relative humidity

The 8°H -alkane and 8'8Osygar values primarily depend on the isotope composition of precipitation,
evaporative enrichment of leaf water, and the biosynthetic fractionation factor (Sessions et al.,
1999; Zech et al., 2013b). Each of these factors is again influenced by other climatic parameters.
For instance, in high latitudes, the isotope composition of precipitation is mainly temperature-
dependent, whereas in the tropics, highly depleted isotope values coincide with major rainy
periods, often called the ‘amount effect’ that controls the isotope composition of precipitation
(Araguas-Araguas et al., 2000; Craig, 1961; Dansgaard, 1964; Gonfiantini et al., 2001;
Rozanski et al., 1993). The isotope composition of precipitation typically plots along the global
meteoric water line (GMWL, §*H = 8*5'%0 + 10 ) (Craig, 1961). The isotope enrichment of
leaf water due to evapotranspiration depends on relative humidity, temperature and the isotope
composition of atmospheric moisture. Due to transpiration, leaf water becomes isotopically
enriched compared to source water (precipitation) (Farquhar et al., 2007; Feakins and Sessions,
2010). In a §*H-8'%0 diagram, the leaf water plots along an evaporation line. The isotope
composition of leaf water (8*Hicaf water and 8'®Oleaf water) can be reconstructed from the isotope
composition of biomarkers (8*Hj-aikane and 8'®Osygar) by subtracting biosynthetic fractionation
factors (Hepp et al., 2019, 2017; Tuthorn et al., 2015; Zech et al., 2013b). Apart from assuming
that the biosynthetic fractionation factors (evio) are constant and not significantly variable
amongst plants, we assume moreover that both biomarkers (sugars and n-alkanes) are primarily
leaf-derived. We acknowledge that both assumptions are valid only in approximation. We apply
&bio of —160%o (Sessions et al., 1999) to reconstruct 8*Hieaf water (Eq. 2) and +27%o (Cernusak et
al., 2003; Gessler et al., 2009; Schmidt et al., 2001; Sternberg, 1989) to reconstruct &'3Oleaf water

(Eq. 3).
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Slgoleafwater = (Slsosugar - Slgbio)/(l + 818bi0/1000) (2)
62Hleafwater = (62Hn-alkane - Szbio)/(l + SzbiQ/IOOO) (3)

Once the isotope composition of leaf water is calculated according to equation 2 and 3, it is
possible to reconstruct the isotope composition of source water, d-excess and RH according to

Eqgn. (4), (5), and (6), respectively.

Leaf water becomes isotopically enriched due to evapotranspiration via stomata and will reach
isotope steady-state under constant environmental conditions. This process is accompanied by
equilibrium and kinetic isotope effects. The isotope composition of §*Hieaf water and 8'¥Oleaf water
then depends primarily on RH, the isotope composition of source water and the isotope
composition of atmospheric water vapor (Dongmann et al., 1974; Flanagan et al., 1991; Roden
and Ehleringer, 1999). Once isotope steady-state is achieved, the isotope enrichment of leaf
water can be described using a Craig-Gordon model (Craig and Gordon, 1965) adapted by Gat
and Bowser (1991) and later by Zech et al. (2013b). The isotope composition of leaf water at

the evaporative site can be calculated using equation 4.

Steat water = Ssource water + (1-RH) €” + Ag (4)
where Oieaf water and Osource water are the isotope composition of leaf water and source water,
respectively, RH is relative humidity, €" is equilibrium isotope enrichment ((1-1/awv) - 10%),
and Ae is kinetic isotope enrichment [A!%¢ = Cﬁg (1-RH); A% = C12< (1-RH)]. Cﬁg and C12< are

kinetic isotope enrichment constants for '*O and ?H, respectively.

In a two-dimensional §°’H-8'%0 diagram, the isotope values of precipitation plot along the
GMWL (Craig, 1961; Dansgaard, 1964), whereas the isotope values of leaf water plot along
the evaporation line (Tuthorn et al., 2015; Zech et al., 2013b). The distance of the reconstructed
leaf water to the GMWL can be described as d-excess and serves as a proxy for relative
humidity. d-excess is a second-order stable isotope parameter measured in meteoric water
defined as d-excess = §°H — 8*5'%0. Therefore, d-excess of leaf water can be derived using

equation 5.

dieaf water = dsource water T (I_RH) (8; - 8*8){8 + Cl% - S*STg) (5)
where dieaf water and dsource water are d-excess of leaf water and source water, respectively and the
equilibrium (g, and ;) and kinetic (Ci and CL®) isotope fractionation of the two isotopes.

Equation 5 illustrates that d-excess depends primarily on RH. Therefore, RH normalized to the

temperature of leaf water can be estimated using equation 6.
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Ad (6)

RH~1- — _
(e5-8- &3+ Ci-8-C°)

where Ad is the difference between d-excess of leaf water and d-excess of source water.
Equilibrium isotope fractionation factors (&; and €1g) as a function of temperature are calculated
according to empirical equations of Horita and Wesolowski (1994). According to Merlivat
(1978), the maximum values of kinetic isotope fractionation factors (CZ and C;®) during
molecular diffusion of water via a stagnant air for H and '*0 are 25.1%o and 28.5%o,
respectively. However, we are aware that the kinetic isotope fractionation factors are dependent
on aerodynamic conditions (liquid-vapor interface, diffusive, and turbulent layer)

characterising a given evaporation process.

The values of 8*Hsource water and 8'®Osource water can be estimated when the slope of the evaporation

line for leaf water is known. The slope of the evaporation line can be derived from equation 7.

5-8  e+Ci (7)

= ~ Tk
8 -8 &y + G

SLEL

In this equation, we assumed that the isotope composition of source water and atmospheric
water vapor reached equilibrium. Thus, the slope of the evaporation line depends on equilibrium
(&5 and &1g) and kinetic (Cll(8 and Cﬁ) isotope fractionation factors of the two isotopes (Gat and
Bowser, 1991). In the present study, the slope of the evaporation line ranges between 2.86 to
3.07 (x = 3 £ 0.01) for the temperature ranging between 3.2 °C to 12.7 °C. Here in this
manuscript, + sign refer to standard error values. Such low slope for evaporating leaf water is
in agreement with both field observations and laboratory experiments (Allison et al., 1985; Gat

et al., 2007; Walker and Brunel, 1990).

The net isotope difference (also called apparent fractionation, €app) between 6”Hp-aiane and

8?Hprec as well as 8'®Osugar and 8'¥Oprec is calculated using equation 8.

Eapp = 1000 X (350~ 1)

8,+1000

(8)

where a is the isotope composition of a biomarker (§°H -alkane O 8'®Osugar) and b is the weighted

mean annual isotope composition of precipitation (8*Hprec 0r 8'Oprec).
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3. Results and Discussion

3.1 Comparison of 6’H,-alkane and 8'Osugar results from leaves, O-layers, and An-horizons

The 8?H values of Ca9 and Cs alkanes as well as the §'%0 values of arabinose and xylose
correlate highly significant with each other (» = 0.9, p < 0.0001 and » = 0.8, p < 0.0001,
respectively, data not shown). In the following, we therefore use and refer to §?°H-aikane values
for weighted mean values of Ca9 and C3; as well as to 8'8Osugar values for weighted mean values
of arabinose and xylose. Weighted mean &*Hy-aikane and &'8Ogugar values range from
—186 to —89%o and from +27 to +46%e., respectively (Fig. 4-2). Particularly, the topsoil (O-layer
as well as Ap-horizon) samples in the Bale Mountains yielded a 8’°H-aikane values range between
—157to —113%0 (X = —136%0), which is in good agreement with findings from the highest
Eastern African Mt. Kilimanjaro (Hepp et al., 2017; Peterse et al., 2009; Zech et al., 2015).
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Fig. 4-2: Altitudinal 5°H (left) and §'%0 (right) gradients of n-alkanes (weighted mean of Ca9
and Cs1) and sugar biomarkers (weighted mean of arabinose and xylose), respectively,

reconstructed leaf water (squares) and precipitation (triangles).

The 8*Hy-alkane and 8'®Oguear values of leaves, O-layers, and Ap-horizons do not depict
statistically significant differences (p = 0.7 and p = 0.4, respectively) among each other
(Fig. 4- 3). Hence, our data provide no evidence for degradation effects affecting the isotope
composition of the biomarkers. In addition, a contribution of the root and soil microbial-derived
n-alkanes and sugars is not obviously affecting the compound-specific hydrogen and oxygen
isotope signals. This is remarkable because our previous chemotaxonomy studies reveal that

the characteristic plant biomarker patterns of long-chain n-alkanes and sugars are strongly
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altered in the respective O-layers and Ap-horizons due to degradation and/or underground input

by roots (Lemma et al., 2019b; Mekonnen et al., 2019).
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Fig. 4-3: Comparison of 8*Hy.aikane (a) and §'®Osuear (b) among leaves, O-layers and
An- horizons. The notched box plots indicate the median (solid lines between the boxes),
interquartile range (IQR) with upper (75%) and lower (25%) quartiles. The notches

display the confidence interval around the median within +1.57*IQR/v/n.

Concerning 8'®Ogygar, Zech et al. (2012b) reported the absence of isotope fractionation during
decomposition based on a litter decay study. By contrast, based on the same litter decay sample
set, Zech et al. (2011) concluded that the built-up of a microbial n-alkane pool can change the
8?H -alkane values of soils compared to litter. The same conclusion was drawn by Tu et al. (2011)
based on a §'°C n-alkane litter decay study. A possible explanation for this discrepancy could
be that §*Hy-aikane and 8'*Osugar variability in our dataset are very large within the leaf, O-layer,
and An-horizon sub-dataset (Fig. 4-3). Indeed, albeit not significant, the median values of
O-layers reveal both the least negative §?H -alkane and the most positive §'®Osygar. It is noteworthy
that the concentration of n-alkanes in roots is much lower than in leaves and the contamination
of leaf wax-derived n-alkanes in sediment by the roots is negligible (Zech et al., 2013a, 2012a),
whereas a partial contribution of especially root-derived sugars to O-layers and Ap-horizons is

very likely. Still, the mean 8”H-aikane and 8'®Ogygar values of leaves and Ap-horizons are almost

120



Publications and Manuscripts

identical (—134 versus —135%o and 35 versus 36%o, respectively). Hence, our dataset does not
provide evidence for degradation effects and root input affecting §*Hy-alkane and 8'8Osugar values

of topsoils.
3.2 Comparison of ’H -alkane and 8'3Osugar results with 8*Hprec or 8'3Oprec results

The &*Hy-alkane values correlate significantly with the weighted mean annual isotope
composition of local meteoric water, 3*Hpree (r = 0.3, p = 0.04, n = 53). However, it does not
correlate in a 1:1 relationship (§*Hpree = 0.05 * 8?Hj-alkane — 1.03) and this is the first important
indication that n-alkanes do not directly reflect §*°Hyprec. Instead, §*Hy-aikane reflects the isotope
signal of local precipitation modified by leaf water enrichment as emphasized by Zech et al.
(2015). The isotope composition of precipitation in the Bale Mountains is subjected to altitude,
amount, and seasonal effects. The most positive 8*Hpree and 8'8Oprec, as well as the more
negative 8’Hprec and 8'®Oprec values, were recorded in the lowermost and highest weather
stations of the Bale Mountains, respectively (Lemma et al., 2020). However, the overall
significant trend of the altitudinal effect observed in modern precipitation is not reflected in the
82Hy-alkane and 8'80sugar (Fig. 4-2). There is no significant correlation between §'80sugar and
5'80prec. This might indicate that the isotope signal of §'®Oprec is strongly altered prior to the
biosynthesis of the sugar biomarkers. Thus, soil water evaporation, leaf water
evapo(transpi)ration and seasonality effects are the most likely responsible factors. A recent
publication by Strobel et al. (2020) argued that plant-related and/or environmental factors
strongly bias the §'®Osygar signal compared to §'®Oprec and points especially to the significant
impact of evapo(transpi)rative soil and leaf water enrichment (Strobel et al., 2020). Similarly,
a climate transect study revealed that §'®Ohemiceiiuiose does not reflect §'8Oprc along an
Argentinian transect, either (Tuthorn et al., 2014). Overall it can be summarized that our
8?H_aikane and 8'8Osugar values do not directly reflect the isotope composition of precipitation in

the Bale Mountains.

The apparent isotope fractionation (eapp) for each investigated plant species (only leaf samples)
ranges for hydrogen (eapp 2n) between —180 to —86%o and for oxygen (eapp 180) between +25 to
+56%o. The €app factors fundamentally depend on three processes (Fig. 44, after Strobel et al.,
2020). Accordingly, the main processes influencing the imprint of precipitation isotope on
biomarkers are soil-water evaporation, leaf-water transpiration, and biosynthetic fractionation.
The mean eapp 21 and eapp 180 Values of the investigated plant species in the Bale Mountains are
—128 4+ 6%0 and +40 + 2%, respectively. This is in a good agreement and within the range of

results reported from a winter rainfall zone transect study in South Africa (Strobel et al., 2020).
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Hemicellulose-derived sugars
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Fig. 4-4: Conceptual model demonstrating the hydrogen-isotope and oxygen-isotope
relationships, between precipitation, leaf water, and leaf wax-derived n-alkanes as well
as hemicellulose-derived sugars (after Strobel et al., 2020). €app 21 - apparent hydrogen-
isotope fractionation; eap 150 = apparent oxygen-isotope fractionation; &8, -
biosynthetic oxygen-isotope fractionation; &%y, - biosynthetic hydrogen-isotope

fractionation.

In the present study, there is no significant correlation between apparent isotope fractionation
and mean day time temperature (€app 180, ¥ = 0.1, p = 0.5 and €app 21, ¥ = 0.3, p = 0.1). Thus, the
apparent isotope fractionation is not influenced by temperature-related evapo(transpi)rative
enrichment. This is in agreement with the results of Strobel et al. (2020) who found that neither

€app 2H NOT Eapp 180 18 significantly dependent on mean annual temperature (MAT).
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3.3 Interspecies comparison of 8?H -alkane and 8'8Osugar results from keystone plant species

in the Bale Mountains

Combining all leaf, O-layer and As-horizon data, the comparison of the &’H-aiane values
between the plant species under study depicts significant differences (Fig. 4-5a). More
specifically, Erica arborea and Erica trimera yielded the least negative median 8?H-alkane
values, whereas Festuca abyssinica yielded the most negative median &*Hy-alkane value
(Fig. 4- 5a). Albeit the §'*Osugar values show no significant difference amongst the dominant
plant species (Fig. 4-5b), they reveal the same trends as the 8*Hy-aikane results. Particularly,
E. arborea and E. trimera depicted the most positive median §'®Osugar values, whereas
F. abyssinica depicted the least positive median §'®Ogygar value (Fig. 4-5b). The mean §*H,.
alkane and 8'8Ogygar values of E. arborea and E. trimera are —114 and —109%o, and +37 and +36%o,
respectively. These very close mean 8*Hy-aikane and 8'8Osugar values of the two Erica species

likely reflect the monophyletic nature (Guo et al., 2014).
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Fig. 4-5: Variations of 8’H-alkane (2) and §'®Ogygar (b) between keystone plant species. The
notched box plots indicate the median (solid lines between the boxes), interquartile
range (IQR) with upper (75%), and lower (25%) quartiles and outliers (empty circle).

The notches display the confidence interval around the median within +£1.57*IQR/v/n.

One might expect that the above described plant-specific differences can be explained with the
altitude-dependent different occurrence of the investigated plant species and altitude-dependent
8?Hprec and 8'®Oprec variability. Indeed, the *Hprec and 8'Oprec values in the Bale Mountains
exhibit spatial variance along the altitudinal gradient with isotope lapse rates of —0.52%o0 * 100
m~! and —0.11%o * 100 m™!, respectively (Lemma et al., 2020). This corresponds roughly to a

range of 5 and 1%o for §*Hprec and 8'®Oprec, respectively, along the investigated altitudinal
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transect (3226 and 4375 m a.s.l.). These ranges are, however, too small to explain the observed
large 8?Hy-alkane and 8'8Osugar variability along the transect (Fig. 4-2). Strikingly, the median
82H,-alkane and 8'®Ogyear values of F. abyssinica are the lowest compared to the other investigated
plant species. This can be attributed to physiological and biochemical differences and the fact
that F. abyssinica (grass) is a monocot, whereas the other plant species are dicots. The leaves
of monocots and dicots differ in structure, location and timing of lipid synthesis (Sachse et al.,
2012). The growth of grasses is associated with intercalary meristems. They occur at the base
of the grass leaf blade, where leaf water is not fully 2H- and '®0-enriched. Thus, newly
synthesized lipids and sugars at the base of grass leaves do not incorporate the full leaf water
enrichment signal, which is called *Hy-alkane and "*Osugar “signal damping or dampening effect”
(Hepp et al., 2020, 2019). On the other hand, the median 8’Hy-alane and 8'%Osugar values of
E. arborea and E. trimera are the highest in comparison with other species and show strong
leaf water enrichment. The intermediate 8?Hy-alkane and 8'®Osugar values for A. haumannii and
H. splendidum might be attributed to plant physiological and biochemical differences or
microclimatic conditions affecting RH values and thus leaf water enrichment as compared to

Erica and F. abyssinica.

Furthermore, there is a significant difference in €app 21 between the keystone plant species in
the Bale Mountains. Unlike other species, E. arborea (—94%o) and E. trimera (—92%o) have the
least negative and F. abyssinica (—161%o) has the most negative €app 2n. It is known that C3
graminoid (Sachse et al., 2012) and C3 grasses (Gamarra et al., 2016) exhibited the most
negative €app 20 compared to shrubs and trees. Such species-dependent variation of €app 2n can
be attributed to intrinsic factors (e.g., plant physiological, phenological, photosynthesis
pathway and biosynthesis-related), plant growth form, place and timing of leaf-wax synthesis,
and stomatal nature (Gao et al., 2015; Griepentrog et al., 2019; Liu and Yang, 2008; Sachse et
al., 2012; Strobel et al., 2020). Therefore, caution must be given in terms of vegetation change
when interpreting §?°Hy-aikane for paleoclimate reconstruction. There is no significant difference
n €app 180 among keystone plant species in the Bale Mountains and H. splendidum shows the
least positive €app 180 value (26%o). This finding might demonstrate that €app 180 1S not strongly
sensitive to vegetation type rather climate-related evapo(transpi)rative enrichment. Previous
studies of Tuthorn et al. (2014) and Strobel et al. (2020) described §'®Osygar and eapp 150 are

significantly influenced by evapotranspiration and aridity index.
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3.4 Coupled 8*H-aikane and 8'®Osugar biomarker results

3.4.1 Reconstructed 82Hleafwater and 81801eafwater as well as 62Hsource water and 8180s0urce water

The basic principle of the coupled 8*H-alkane and 8'®Osugar approach is based on the assumption
that long-chain n-alkanes and pentose sugars are leaf-derived and reflect the isotope
composition of leaf water (Hepp et al., 2019, 2017; Tuthorn et al., 2015; Zech et al., 2015,
2013b). The isotope composition of reconstructed leaf water is determined by the isotope
composition of local precipitation and evaporative leaf water enrichment. However, soil-water
enrichment cannot be excluded but is considered to be negligible. Therefore, the reconstructed
82 Hicat water and 8'%Ocaf water allow us to reconstruct §*Hsource water and 8'"*Osource water as well as
d-excess and RH. These valuable proxies and additional information can support a better
understanding of the paleoclimate history, which cannot be addressed by a single isotope study.
The reconstructed §*Hicar water and 8'8Oleaf water Values range between —31 to 84%o (X = 31 =+ 4%o)
and 0.1 to 18%o (X = 8 £ 0.6%o0), respectively (Fig. 4-2). Most of the reconstructed leaf water
data plot below the GMWL (Fig. 4-6). The reconstructed leaf water data plotting below the
GMWL is a typical feature of evaporation loss.

By applying a biosynthetic fractionation factor of —160%o, the reconstructed 8*Hieaf water values
highlight that the n-alkanes of F. abyssinica (Fig. 4-5a) reflect quite accurately and precisely
the weighted mean annual 6Hprec (—2.7 £ 2%o0) of the Bale Mountains (Lemma et al., 2020).
However, it is known that the effect of evaporative leaf water isotope enrichment of grasses is
negligible (Helliker and Ehleringer, 2002; Mclnerney et al.,, 2011). By contrast, the
reconstructed 8?Hieaf water values of E. arborea and E. trimera (Fig. 4-5a) do not reflect
accurately and precisely the weighted mean annual &’Hyprec and the reconstructed 8?Hicaf water is
enriched compared to 8?Hprec by up to +55 £ 5% (Fig. 4-5a). One well known and widely
accepted factor responsible for this finding is leaf water enrichment. For instance, Zech et al.
(2015) emphasized that §?°H,-aikane data from a climate transect along the southern slopes of Mt.
Kilimanjaro do not reflect §?Hprec either and explained this with a strongly variable degree of
leaf water enrichment along the altitudinal transect. Hence, our datasets clearly indicate that
unlike Erica (dicots), the reconstructed 8*Hicaf water of F. abyssinica (monocot) does not fully

expose to evaporative leaf water enrichment due to signal dampening.

Similarly, considering a biosynthetic fractionation factor of +27%o (Cernusak et al., 2003), the
reconstructed §'®Oeaf water values of all investigated plant species (Fig. 4-5b) do not reflect the
isotope composition of precipitation, 8% Oprec (—3.3 £ 0.4%o) in the Bale Mountains (Lemma et

al., 2020). More specifically, the reconstructed 8'*Oicarwater values of E. arborea and E. trimera
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are enriched compared to 8'30prec by up to +9 £ 1%o (Fig. 4-5b). Indeed, yet it is not significant,
the reconstructed 8'®Oleaf water i also species-dependent. Tree ring research has shown that
cellulose does not reflect the full leaf water §'30 enrichment signal (Gessler et al., 2013).
Additionally, results from climate chamber experiments indicate that §'®Oicaf water Values,
reconstructed from sugar biomarker, are enriched compared to plant source water by up to

+25%o (Zech et al., 2014a).
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Fig. 4-6: 3'%0 versus 8°H diagram illustrating the conceptual framework of the coupled
(paleo-) hygrometer approach after Zech et al., (2013b). Data are plotted for measured
source water/precipitation (blue solid triangle), measured 8*Hy-alkane, and 8'®Osygar (black
solid circle), reconstructed leaf water (green solid rectangle), measured Garba Guracha

lake water (brown solid triangle).

Moreover, the coupled 8?Hy-alane and 8'8Osugar approach allows us to reconstruct the isotope
composition of source water as intersect of the local evaporation line (LEL) with the GMWL
(Fig. 4-6). The reconstructed 8*Hsource water and 8'¥Osource water Values range from —84 to 110%o
(X = 8.6 £ 7%o0) and —12 to 12%o (X = —0.7 £ 0.8%o) (Fig. 4-7), respectively. Unlike §’Hprec and
5'80prec, the reconstructed §*Hsource water and 8'®Osource water Shows a large scattering (Fig. 4-7).
The mean reconstructed 8*Hsource water and 8'®Osource water Values reveal slight isotope enrichment
as compared with the modern-day isotope composition of §?Hprec (—2.7 £ 2%0) and §'¥Oprec

(—3.3 £ 0.4%o0) in the Bale Mountains, respectively (Lemma et al., 2020). Despite the large
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scattering of the reconstructed source water values this finding demonstrates that the coupled

82H -alkane-0 ' *Osugar approach allows to reconstruct the isotope composition of source water quite
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Fig. 4-7: The scatter plots to the left show the correlations between §'®Osource water and 8'¥Oprec
as well as 8*Hsource water and 8*Hoprec, respectively The linear regression lines (black line),
correlation coefficients (r), 95% confidence intervals (grey area) and significance values
(p) as well as the 1:1 regression lines (grey lines) are provided for each diagram. The
box plots to the right illustrate the offset of 8'®Osource water t0 83 Oprec and *Hiource water t0
8?Hpree, respectively, for keystone plant species. The plots indicate the median (solid
line between the boxes), interquartile range (IQR) with upper (75%) and lower (25%)

quartiles and outliers (empty circles).

The correlation and offsets between the reconstructed source water and respective §'®Oprec as
well as 8*Hprec are shown in Figure 4-7. The offsets between the reconstructed source water and

respective §*Hpree and 8'0prec show a highly significant difference (p = 0.001, n = 53) among
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the investigated plant species (box plots of Fig. 4-7). The median offset of F. abyssinica (8'%0
= —3%o; 8°H = —33%0) and H. splendidum (8'30 = —3%o; 8’H = —36%o) are very close to each
other and E. trimera (5'%0 = 8%o; 5°H = 48%o) exhibits a markedly larger median offset than
the other species (Fig. 4-7).

3.4.2 Deuterium excess, reconstructed relative humidity and its paleoclimate implication

The distance between the reconstructed leaf water and GMWL can be described as d-excess,
which is the intercept of the meteoric water line (Dansgaard, 1964), and serves as a proxy for
RH (Hepp et al., 2017; 2019). The reconstructed d-excess values calculated using equation (5)
range between —105 to +56%o. The most positive reconstructed d-excess values are likely
caused by an overestimation of the §?H and/or an underestimation of the §'30 values. The most
negative reconstructed d-excess values are likely caused by an underestimation of the §*H
and/or an overestimation of the 8'%0 values. The actual RH ranges between 69 and 82%
(X =80 £ 3.4%) (Fig. 4-8). The reconstructed RH calculated using equation (6) reveals a much
wider range of 40 to 121% (X = 78 + 21%), with eight anomalous values above 100%
(Fig. 4- 8). These anomalies can be explained by several uncertainties related to Ad, ", and Cx
values used in equation (6). The uncertainties of Ad mainly arise from analytical errors
associated with the individual §*Hj-aikane and 8'®Osugar measurement as well as uncertainties of
the epio. In approximation, the coupled approach of Zech et al. (2013) suggests temperature-
independent constant &vi, values. However, concerning e.g. §'%0, this value is very likely an
underestimation. Slightly higher &vio values for '*0 and ?H of +2%o and +10%o would increase

the reconstructed RH by +8% and 6%, respectively (Hepp et al., 2017).

The actual mean annual day time RH measured along the transect is 80 + 3.4%, which is
+2 £ 18% higher than the reconstructed mean RH. The reconstructed RH is humidity
normalized to leaf temperature. Usually, leaf temperature is higher than the actual ambient
temperature (Gates, 1980). Thus, the difference between actual and reconstructed RH might be
associated with leaf-air temperature differences (Hepp et al., 2017; Zech et al., 2013b).
Additionally, our approach does not consider evaporative enrichment of soil water (Hepp et al.,
2015; Tuthorn et al., 2015; Zech et al., 2013b). Moreover, most leaf-derived biomarkers are
biosynthesized at an early stage of leaf ontogeny (Gershenzon et al., 2000; Tipple et al., 2013)
and may not reflect the mean annual isotope composition of precipitation, but rather the isotope
composition of precipitation during the growing season. Therefore, the model may not capture

the mean annual RH seen during photosynthetically active leaves.
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Either the reconstructed d-excess or RH correlate highly significant and negatively with
5'801eaf water (¥ = -0.7, p < 0.0001, n = 53) and positively with §*Hicaf water (# = 0.6, p < 0.0001,
n= 53). This result might demonstrate that signal changes in 8'®Ojear water due to RH are
dissociated from signal changes in §'*Oprec. The negative correlation between the reconstructed
RH and 8"®Oicaf water, apparent in the present study, is also reported previously by Zech et al.
(2013b). Thus, due to evaporation, the lower the reconstructed RH is the higher isotopically
enriched leaf water. Moreover, the reconstructed RH values correlate highly significantly and
positively with reconstructed 8?Hsource water and 83 Osource water (¥ = 0.9, p < 0.0001, n = 53). A
similar finding was reported by Hepp et al. (2017) applying the coupled 8*Hy-akane and 8'®Osugar

approach in the Mt. Kilimanjaro region.
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Fig. 4-8: The scatter plot to the left shows the correlation between reconstructed RH and actual
RH. The linear regression line (black line), correlation coefficient (), 95% confidence
interval (grey area), and significance value (p) as well as the 1:1 regression line (grey
line) are provided. The box plot to the right illustrates the offset of reconstructed RH to
actual RH for key stone plant species. The plots indicate the median (solid line between
the boxes), interquartile range (IQR) with upper (75%) and lower (25%) quartiles.
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4. Conclusions

The compound-specific stable hydrogen and oxygen isotope composition of biomarkers
(n-alkanes and sugars) analysed from leaves, O-layers, and Ap-horizons along an altitudinal
transect in the Bale Mountains were evaluated. There are no systematic §*Hy-alkane and 8'®Osugar
trends and significant differences between leaves and corresponding O-layers, and Ax-horizons,
respectively. Hence, there is no evidence from our dataset for degradation and underground

root input affecting §*Hy-alkane and 8'8Ogygar values of topsoils.

The keystone plant species in the Bale Mountains are characterized by statistically significant
species-dependent §°H,-aiane Values and, albeit not significant, also 8'®Osugar values. Substantial
species-specific apparent isotope fractionation highlights the importance of investigating
apparent as well as biosynthetic isotope fractionation factor of the representative flora at a given
geographical region. Thus, vegetation shifts should be considered before applying especially

8*H-alkane records for paleoclimate and -environmental reconstructions.

Additionally, we reconstructed the isotope composition of leaf water and by the use of the
coupled 8°H and 'O approach, firstly introduced by Zech et al. (2013b), we calculated the
d-excess and RH. The reconstructed 8?Hicar water values of F. abyssinica reflect the isotope
composition of weighted mean annual 8’Hpec with a systematic offset of biosynthetic
fractionation factor in contrast to E. arborea and E. trimera. The comparison of isotopically
enriched reconstructed *Hicaf water and '®Oleat water With weighted mean annual precipitation
reveals the effect of evaporative leaf water enrichment prior to biosynthesis. The reconstructed
d-excess enables us to reconstruct RH. The actual mean annual day time RH measured in the
Bale Mountains is +2 + 18% higher than the reconstructed mean RH. Although several
simplified assumptions challenge our interpretation, the coupled & H-aikane-8'®Osugar
(paleo-) hygrometer approach holds great potential for deriving additional paleoclimatic

information compared to single isotope approaches.
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