Plant wax alkanes and alkan-1-ols in ocean
sediments as indicators of continental climate
change — validation of a molecular proxy

Wachsalkane und -alkohole in Ozeansedimenten als
Indikatoren kontinentaler Klimaveranderungen —
Validierung eines molekularen Parameters

Der
Fakultat fur Mathematik und Naturwissenschaften
der
Carl von Ossietzky Universitat Oldenburg
zur Erlangung des Grades und Titels eines
Doktors der Naturwissenschaften
- Dr. rer. nat. -
angenommene

Dissertation

von
Frau Angela Vogts

geboren am 22. Méarz 1978 in Westerstede



Gutachter: Prof. Dr. Juirgen Rullkotter

Zweitgutachter: Prof. Geoffrey Eglinton, FRS

Eingereicht am: 15.02.2011

Tag der Disputation: 28.03.2011



Parts of this thesis were presented
at meetings and conferences:

(oral and poster presentations; presenter underlined)

Voats, A., Moossen, H., Rommerskirchen, F., and Rullkétter, J., 2007.
Long-chain n-alkanes and n-alcohols as palaeo-environmental proxies
in tropical Africa. 4™ North German Organic Geochemistry Meeting,
MARUM, Research Center Ocean Margins (RCOM), Bremen,
Germany, oral presentation.

Voats, A., Moossen, H., Rommerskirchen, F., and Rullkétter, J., 2007.
Molecular §'3C values of leaf wax components from plants growing in
different tropical habitats. 17" Goldschmidt Conference, Cologne,
Germany, poster presentation.

Voats, A., Moossen, H., Rommerskirchen, F., and Rullkétter, J., 2007.
Molecular isotopic composition and distribution patterns of long-chain
n-alkanes and n-alcohols growing in different tropical habitats.
23" International Meeting on Organic Geochemistry (IMOG), Torquay,
United Kingdom, poster presentation.

Voats, A., Moossen, H., Rommerskirchen, F., and Rullkétter, J., 2007.
Molecular isotopic composition and distribution patterns of long-chain
n-alkanes and n-alcohols growing in different tropical habitats.
International Conference and 97" Annual Meeting of the Geologische
Vereinigung e.V., Bremen, Germany, poster presentation, (3" place
award for student poster presentation).

Voats, A., Moossen, H., Rommerskirchen, F., and Rullkétter, J., 2008.
Characteristics of wax lipids from tropical and subtropical plants and
their use in palaeoclimatic studies. Werkbesprekingen Leerstoelgroep
Biosystematiek, Wageningen University, The Netherlands, oral
presentation.

Voats, A. and Rullkétter, J., 2009.
Palaeoenvironmental changes in Southwest Africa revealed by organic
geochemical analysis of a sediment core recovered off Angola.
24™ International Meeting on Organic Geochemistry (IMOG), Bremen,
Germany, oral presentation.

Eglinton, G. and Vogts, A., 2010.
Biomolecular Palaeobotany - Molecular records of continental
vegetation in the Quaternary. Third International Paleontological
Congress, London, United Kingdom, plenary lecture.



Badewien, T., Scheful3, E., Vogts, A. and Rullkétter, J., 2010.
Rain forest and savanna: What marine sediments tell about African
vegetation. Jahrestagung der Afrikagruppe deutscher Geowissen-
schaftler (AdG), Frankfurt, Germany, oral presentation.

Badewien, T., Scheful3, E., Vogts, A. and Rullkétter, J., 2010.
Leaf wax components in recent sediments from the SW-African
continental slope: Conclusions about terrestrial vegetation. 6" North
German Organic Geochemistry Meeting, Hamburg, Germany, oral
presentation.




The following parts of this thesis have been
published, submitted or prepared for publication:

Chapter 2

Vogts, A., Moossen, H., Rommerskirchen, F., and Rullkétter, J., 2009.
Distribution patterns and stable carbon isotopic composition of alkanes
and alkan-1-ols from plant waxes of African rain forest and savanna Cj3
species. Organic Geochemistry 40, 1037-1054,
doi:10.1016/j.orggeochem.2009.07.011.

Chapter 3

Vogts, A., Scheful3, E., Badewien, T., and Rullkétter, J., 2010.
n-Alkane parameters derived from a deep-sea sediment transect off
southwest Africa reflect continental vegetation and climate conditions.
Organic Geochemistry, submitted.

Chapter 4

Vogts, A., Scheful3, E., Badewien, T., and Rullkétter, J.
Stable hydrogen isotopic compositions of land plant-derived n-alkanes
in marine sediments reflect 6D values of continental precipitation.
Prepared for submission to Geochimica et Cosmochimica Acta.



Abstract

Abstract

This study validates the significance of long-chain n-alkanes and
n-alkan-1-ols as proxies for the contribution of terrestrial plant material to
geological archives. It focuses on the distribution patterns as well as the mo-
lecular stable carbon and hydrogen isotope signatures of these plant wax
biomarkers and corroborates and expands their potential as proxies for
changes of terrestrial vegetation, climate, and hydrology. The study area se-
lected for this approach is southwest Africa due to the climate-sensitive lati-
tudinal pattern of its vegetation zones and the abundance of plants employ-
ing different metabolic pathways (C3/Cy).

In the first part of the thesis analytical results for long-chain leaf wax lip-
ids of 69 C3 plants from rain forest and savanna regions in Africa are pre-
sented with respect to their growth form (herb, shrub, liana, and tree). Simi-
larities among the biomarker characteristics of plants with different growth
forms were found but significant differences of wax biomarkers in plants from
rain forest and savanna species occurred. Averaged distribution patterns of
these biomes were provided and are assumed to be representative for the
plants of these vegetation zones. Comparison with published data for tropical
C, grasses dominating arid grasslands revealed trends to longer chain
lengths and less negative stable carbon isotope ratios for n-alkanes from rain
forest over savanna to grassland. For n-alkan-1-ols the same trend for stable
carbon isotope composition is evident but chain length characteristics of
these biomarkers did not reveal a clear trend: Averaged chain length distribu-
tions for rain forest species and tropical grasses are similar whereas the
homologues synthesised by savanna plants are shorter.

The other two parts of this study elucidated how present-day continental
conditions are mirrored by n-alkane characteristics of ocean-margin surface
sediments constituting an isobathic transect from 1°N to 28°S off southwest
Africa. Near the equator, chain length distribution as well as carbon isotope
composition indicated a high contribution of Cz plants from the rain forest on
the adjacent continent. But especially at sampling locations not dominated by
fluvial organic material a significant contribution of C, plant material, possibly

transported by winds over large distances, was evident. The contribution of
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savanna species and C,4 plants increased towards the south and is reflected
by longer-chain n-alkanes with less negative stable carbon isotope composi-
tions. Based on these analytical results calculations of C4 plant contribution
were performed and the values obtained correlated with the vegetation com-
position in postulated catchment areas. Furthermore, the C4 plant contribu-
tion correlated with precipitation and aridity indices in these regions. Based
on these potential catchment areas it was also evaluated how the hydrogen
isotope composition of sedimentary n-alkanes reflects the 6D ratios of pre-
cipitation. A good correlation was observed even though there are huge dif-
ferences in environmental conditions and vegetation composition in the
course of the transect. The apparent fractionation between the hydrogen iso-
tope compositions of sedimentary n-alkanes and those of precipitation was
fairly constant.

The results of this study substantiate the potential of long-chain plant
wax n-alkanes and n-alkan-1-ols as proxies for the contribution of different
terrestrial biomes to ocean margin sediments. Furthermore, the study pre-
sents correlations of n-alkanes characteristics with climatic conditions like
precipitation and its hydrogen isotopic composition as well as aridity indices.
The proxies, thus, may be a tool for forthcoming palaeo-environmental stud-

ies to unravel ancient climatic variations.



Kurzfassung

Kurzfassung

Die vorliegende Arbeit validiert die Aussagekraft von langkettigen n-Alkanen
und n-Alkan-1-olen als Indikatoren fir den Eintrag terrestrischen Pflanzen-
materials in geologische Archive. Schwerpunkt der Studie war die Analyse
der Verteilungsmuster sowie der molekularen stabilen Kohlenstoff- und Was-
serstoffisotopenzusammensetzungen dieser aus Pflanzenblattwachsen stam-
menden Biomarker. Ihr Potential zum Nachweis von Veranderungen der Ve-
getationszusammensetzung sowie klimatischer und hydrologischer Bedin-
gungen wurde analysiert. Als Studiengebiet wurde Studwestafrika gewahlt, da
dort ausgedehnte breitengradparallele Vegetationszonen vorherrschen, de-
ren GroRRe klimaabhangig ist und in denen Pflanzen vorkommen, die unter-
schiedliche Photosynthesemechanismen nutzen (C3/C4).

Im ersten Teil der Arbeit werden Analysenergebnisse fur langkettige
Blattwachsbestandteile von 69 Cs-Pflanzen aus Regenwald- und Savannen-
gebieten vorgestellt. Es zeigte sich kein Zusammenhang zwischen
Biomarkercharakteristika und Wuchsform (Kraut, Busch, Liane oder Baum),
wahrend zwischen Regenwald- und Savannenspezies deutliche Unterschie-
de festgestellt wurden. Daher wurden gemittelte Verteilungsmuster fir diese
Vegetationszonen erstellt und mit bereits publizierten Daten von C4-Grasern
verglichen, da diese Pflanzen die Graslandschaften arider Gebiete dominie-
ren. Von Regenwald- Giber Savannenpflanzen bis hin zu den Gréasern wurden
Trends zu langerkettigen n-Alkanen mit einer weniger negativen Kohlenstoff-
isotopenzusammensetzung gefunden. Die §*3C-Werte der n-Alkanole zeigten
den gleichen Trend, die Kettenlangenverteilung dieser Komponenten wich
jedoch ab: Die gemittelte Kettenlangenverteilung der Regenwaldspezies und
der Graser war &hnlich, wahrend die Savannenpflanzen kurzerkettige Homo-
loge synthetisierten.

Die weiteren zwei Teile dieser Arbeit analysieren, wie die heutigen kon-
tinentalen Bedingungen durch die Charakteristika der n-Alkane in Ozean-
randsedimenten widergespiegelt werden. Die Sedimente bilden einen
isobathischen Transekt, der sich entlang Sudwestafrika von 1°N bis 28°S
erstreckt. Auf Hohe des Aquators zeigten Kettenlangenverteilung und Koh-

lenstoffisotopenzusammensetzungen der n-Alkane einen hohen Eintrag von
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Cs-Pflanzen des Regenwaldes an. Allerdings wiesen Lokationen, die nicht
durch fluviatilen Eintrag dominiert wurden, einen starkeren Eintrag von
Cs-Material auf, was vermutlich auf &olischen Eintrag aus anderen Regionen
zuruckzufiuihren ist. Nach Suden hin steigt der Eintrag von Cy4-Pflanzen an,
was sich in langeren Ketten und einer weniger negativen Kohlenstoffisoto-
penzusammensetzung der Alkane widerspiegelt. Anhand der Kettenlangen-
parameter und §°C Werte wurden Berechnungen fiir den Eintrag von
Cs-Pflanzen in die Sedimente durchgefiihrt, deren Ergebnisse mit der Vege-
tationszusammensetzung in postulierten Einzugsgebieten Ubereinstimmten.
Zudem korrelierte der C4-Pflanzeneintrag mit der Niederschlagsmenge und
den Ariditatsindizes fir diese Regionen. Die postulierten Einzugsgebiete wa-
ren weiterhin die Grundlage fiur die Untersuchung der Frage, in wieweit die
Wasserstoffisotopenzusammensetzung des kontinentalen Niederschlages
durch die 6D Werte der sedimentierten n-Alkane widergespiegelt wird. Es
zeigte sich eine gute Korrelation zwischen diesen Werten, obwohl die im
Studiengebiet herrschenden klimatischen Bedingungen sowie die Vegetati-
onszusammensetzung stark variieren. Dabei war die isotopische Fraktionie-
rung zwischen der Wasserstoffisotopenzusammensetzung des kontinentalen
Niederschlags und den sD-Werten der sedimentierten n-Alkane nahezu kon-
stant.

Die Ergebnisse dieser Studie konkretisieren das Potential der
langkettigen, aus Pflanzenwachsen stammenden n-Alkane und n-Alkan-1-ole
als Indikatoren fur den Eintrag verschiedener terrestrischer Pflanzengemein-
schaften in Ozeansedimente. Darlber hinaus etabliert diese Studie Korrela-
tionen der n-Alkancharakteristika mit der Niederschlagsmenge, der Ariditat
und der Wasserstoffisotopenzusammensetzung des Niederschlags. Diese
Korrelationen konnten in zukinftigen Paldoumweltstudien genutzt werden,
um von den n-Alkancharakteristika auf historische klimatische Variationen zu

schlieRen.
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1. Introduction

1. Introduction

1.1 Scope and framework

Organic geochemistry, the scientific field in which this project was conducted,
concerns the cycling of carbon, in all its various chemical appearances, in the
Earth system. The major form of carbon, carbon dioxide, is strictly inorganic
but it is converted by photosynthesis into a wide variety of organic com-
pounds which directly, or after the modification by other organisms, can be
preserved in soils and sediments where they may persist as chemical fossils.
If these chemical fossils can unambiguously be linked to specific precursor
molecules in living organisms, they can serve as markers for specific biologi-
cal life forms and thus, are called biomarkers. For instance, long-chain
n-alkanes and n-alkan-1-ols, which are in the focus of this study, are nearly
exclusively synthesised by higher land plants as part of their epicuticular wax.
Accordingly, they serve as biomarkers for the contribution of terrestrial plants
to dusts, soils and sediments (e.g., Rommerskirchen et al., 2003; Scheful} et
al., 2003a; Rao et al., 2009a). In addition, the chain length distribution and
stable carbon and hydrogen isotope composition of these compounds are
assumed to vary with respect to vegetation composition and hydrologic con-
ditions (e.g., Chikaraishi and Naraoka, 2003; Bi et al., 2005; Smith and
Freeman, 2006; Rao et al., 2009b; Tierney et al., 2010a,b). Vegetation zones
and hydrologic conditions are in turn largely defined by climate. Therefore,
the n-alkane and n-alkan-1-ol characteristics preserved in geological archives
are used to elucidate past changes in vegetation composition and hydrologic
conditions and to deduce their causal climatic variations (e.g., Scheful} et al.,
2003b; Rommerskirchen et al., 2006a; Weijers et al., 2009).

Most valuable archives for geochemical studies are ocean margin
sediments with long, undisturbed depositional sequences. But in order to
achieve reliable correlations of biomarker characteristics preserved in sedi-
ments with continental vegetation, hydrology and climatic conditions it is es-
sential to elucidate how recent conditions are mirrored in sedimentary ar-
chives. A suitable testing area for such investigations is the African continent,
especially the western part with its nearly latitudinal vegetation regions which

largely correspond to climatic zones.
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1.2 General aspects of the African continent

The equator roughly represents the halfway mark for the latitudinal spread of
the African continent. Consequently, Africa’s climate is predominantly tropical
and the climate zones vary in nearly mirror-image patterns to the north and
south (Fig. 1.1). These patterns are not interrupted by the climatic influence
of long mountain ranges. Instead, vast plains and plateaus are characteristic
for Africa’s geography while mountains only occur as widely scattered excep-

tions.
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Fig. 1.1 Classification of African climate zones based on a model created by
Lauer and Frankenberg (1985) with A and B representing tropical and sub-
tropical climate, respectively. The tropical climates are further divided in cold
(1) and warm (2). For the subtropical zone the subclassification represents
high-continental (1), continental (2) and maritime (3) conditions. The uncapi-
talised letters represent humid (h), semi humid (sh), semi arid (sa) and arid
(a) areas.
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The primary determinant for the vegetation of Africa is precipitation,
which in turn largely depends the air movement feeding the Inter-Tropical
Convergence Zone (ITCZ). In simple terms, winds blow from two sub-tropical
high-pressure belts towards the equator, where they meet and force air and
moisture upwards. This upward movement cools the air and causes massive
rainout feeding the tropical rain forest vegetation. The dry air cycles back to-
wards the subtropics where it descends producing arid climates at latitudes
of approximately 20°N and S. From the rain forest towards these arid desert
regions the amount of precipitation decreases, and distinct rainy seasons
occur because of the migration of the ITCZ due to changes in the latitudinal
maximum of solar heating. Corresponding to the changes in mean annual
rainfall from the equator towards the higher latitudes, there is a clear gradient
from dense evergreen biomes dominated by woody species to dry open land
cover with increasing grass abundance (Mayaux et al., 2004). Only at the
high latitudes precipitation and accordingly the abundance of woody species
increase again. Significant changes in these generalised vegetation zones
result from local differences in elevation, edaphic characteristics, microcli-
mate, wildlife, and human population. A detailed satellite-based map of Af-
rica’s land cover for the year 2000 was presented by Mayaux et al. (2004)
and was the base for simplified maps presented in this study. More detailed
information about vegetation, relevant wind systems, hydrologic and climatic

conditions are presented in relation to thematic topics in Chapters 2 to 4.

1.3 Photosynthetic pathways

Photoautotrophic organisms convert carbon dioxide to organic compounds
with the complex biochemical process of photosynthesis. The CO, fixation
pathway implemented in the photosynthetic process has undergone evolu-
tionary development. Thus, recent terrestrial plants employ different meta-
bolic pathways (Cs, C4, and CAM) which are described below to elucidate

their influence on plant distribution and isotopic biomarker composition.



1. Introduction

1.3.1 C3 photosynthetic pathway

The majority of higher plant species (about 85 to 90%; according to Sage,
2001, 2004) use a photosynthetic pathway which fixes CO, during all-day
open stomata into a three-carbon-atom molecular storage product,
phosphoglycerate (PGA), by using the enzyme ribulose bisphosphate car-
boxykinase/oxygenase (RuBisCO; Leegood, 1999a; Fig 1.2a). Because of
the three-carbon-atom storage product this photosynthetic pathway is named
C3 metabolism but it is also known as the Calvin-Benson-Bassham (CBB)

a) Calvin-Benson-Bassham b) Crassulacean Acid Metabolism
Cycle (C5 photosynthesis) (CAM photosynthesis)
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Fig. 1.2 Simplified scheme of a) the Calvin-Benson-Bassham (CBB) Cycle
(Cs photosynthesis) and b) the Crassulacean Acid Metabolism (CAM photo-
synthesis) according to Leegood (1999a; 1999b). The CBB Cycle can be di-
vided into three phases: (1) carboxylation catalysed by RuBisCO, (2) reduc-
tive phase by which PGA is converted into phosphoglycerine aldehyde
(PGAL), and (3) regeneration of the CO, acceptor ribulose bisphosphate
(RuBP). The CAM photosynthesis shows the temporal separation of assimila-
tion of CO, by phosphoenolpyruvate carboxylase (PEPC) prior to fixation in
the CBB Cycle. Nocturnal CO, assimilation leads to malate storage in the
vacuols. During the day, malate is decarboxylated to provide CO; for fixation
in the CBB Cycle.
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Cycle. Almost all trees and shrubs, most herbs as well as grasses preferring
wet, cool growing seasons utilise this method of carbon fixation.

It is assumed that the C3; pathway is the oldest way of photosynthesis
among higher plants since their advent some 450 million years ago during a
time of relatively high concentrations of atmospheric CO, (Sage, 2004). In
the following Earth history there were periods when the environmental condi-
tions for C3 plants were less favourable. For example, relatively high O, con-
centrations like in the Carboniferous around 360 to 286 million years ago
(Berner, 1993) or during the last 35 million years caused
photorespiration in C3 plants. Photorespiration is an energy-wasting process
which originates in the bifunctional nature of RuBisCO. During photorespira-
tion O, instead of CO, is assimilated and glycolate bisphosphate is gener-
ated which cannot be used in the CBB Cycle and needs to be recycled by a
complex process which releases CO,. In this way up to 40% of newly fixed
carbon can be released again as CO, especially under high-energy condi-
tions in habitats of high light intensity and temperatures like, e.g., in tropical
and subtropical regions. To counteract the photorespiration, C3 plants oper-
ate with widely open stomata to maximise the CO, uptake. But this dramati-

cally lowers their water use efficiency (WUE) by evaporative loss.

1.3.2 Crassulacean Acid Metabolism

A significant evolutionary step in the plant kingdom was the development of
mechanisms for inhibiting photorespiration by concentrating CO, around
RuBisCO. The oldest alternative photosynthetic pathway is the Crassulacean
Acid Metabolism (CAM), which is named after the plant family in which this
physiological system was first observed. The dual carboxylation pathway with
initial CO, fixation by phosphoenolpyruvate carboxylase (PEPC) and, after
intracellular release, secondly by RuBisCO, is separated temporally in the
same tissue (Fig. 1.2b; Leegood, 1999b; Keeley and Rundel, 2003). Stomata
are open at night to take in and fix CO,. The CO, is temporarily stored sub-
cellularly in the vacuole, primarily as malic acid (Fig. 1.2b). During the day,
closure of stomata in terrestrial plants reduces water loss to a minimum but

also inhibits CO, uptake. But in CAM plants the internal carbon deficit is
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overcome by decarboxylation of the stored malic acid. The process concen-
trates CO, around RuBIisCO resulting in daytime internal inorganic carbon
levels 2 to 60 times higher than ambient levels (Luttge, 2002; Fig. 1.2b). Only
if the stored malic acid is completely metabolised at daytime, the stomata
open to assimilate fresh CO; in the normal C3 pathway.

The CAM pathway is used by 20,000 to 30,000 species of the estimated
250,000 land plant species (Sage, 2001, 2004), mainly by highly specialised
plants adapted to survive under extreme conditions. These plants often ex-
perience periods of drought with extreme water shortage. Therefore, CAM
species often have particular morphological features such as large vacuoles
for carbon and water storage, which give the tissues a succulent appearance.
But this adaptation is an expensive process due to the energy need for the
storage process. Thus, this metabolic pathway is generally a strategy for
stress survival and not for high productivity. Furthermore, CAM plants grow
slowly and can become very old. Therefore, the contribution of CAM-utilising
plants to biomass production is low (Luttge, 2004). Typical dry-subtropical
vegetation consists of xerophytic (adapted to dry conditions) shrubs and
CAM plants. The use of the CAM metabolism is best known from modern-day

desert succulents but also from many epiphytes like bromeliads and orchids.

1.3.3 C4 photosynthetic pathway

Another mechanism for inhibiting photorespiration by concentrating CO-
around RuBisCO is the Hatch-Slack Cycle, in which CO; is initially fixed in a
C4 acid (Hatch and Slack, 1966). This mechanism is often referred to as
C4 photosynthetic pathway. The C,4 photosynthesis is fundamentally different
from the more common C3 pathway. First, CO; is actively fixed by PEPC in-
stead of RuBisCO. Unlike in CAM plants, PEPC in C, species is active in the
light. CO, is fixed in the mesophyll cells preliminarily as a dicarboxylic C4
acid, oxaloacetate (OA), which can be converted into aspartate and/or malate
depending on the metabolic subtype employed (Fig. 1.3). C4 plants create an
internal pool of C, acid which is transported to the bundle sheath tissue
where CO; is released. Three C4 sub-groups are known which possess dif-

ferent enzymes responsible for this decarboxylation: (1) Those using the
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nicotinamide adenine dinucleotide phosphate malate dehydrogenase enzyme
(NADP-ME; malate as CO, supplier), (2) those using the nicotinamide ade-
nine dinucleotide malate dehydrogenase enzyme (NAD-ME; aspartate), and
(3) those using the phosphoenolpyruvate carboxykinase enzyme (PCK; as-
partate). In Fig. 1.3a-c these different mechanisms are shown in a simplified
manner. The CO; thus released in the bundle sheath tissue is metabolised
by RuBisCO which supplies the CO, to the subsequent CBB Cycle (Fig. 1.3).

a) "NADP-ME" C, subtype b) "NAD-ME" C, subtype  ¢) "PCK" C, subtype
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Fig. 1.3 Simplified pathways of the three carbon dioxide assimilation varia-
tions of the Hatch-Slack cycle (C4 photosynthesis): a) “NADP-ME®, b) “NAD-
ME”, and c) “PCK”. Generally, atmospheric CO; is initially fixed inside leaf
mesophyll cells in a reaction catalysed by PEPC. The resulting C4 acids are
decarboxylated inside the bundle sheath cells, providing a source of CO; for
RuBisCO and the subsequent CBB Cycle. Values of the CO, concentration
inside the bundle sheath and the mesophyll cells are from Ehleringer et al.
(1997).
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In contrast to CAM plants in which the two processes are separated in
time, the C, pathway involves a separation in space. The leaf tissue is di-
vided into two separated specialised compartments, the photosynthetic as-
similation in the mesophyll cells and the adjacent photosynthetic reduction
tissue of thick-walled bundle sheaths which surround the vascular bundles.
This is called the “Kranz” anatomy (the German word “Kranz” means wreath)
and can be found in almost all C, plants. The designation “Kranz” and
non-“‘Kranz” is thus synonymous with C, and C3/CAM. Due to this space
separation in photosynthesis, C,4 plants are able to control the supply of CO,
to the RuBisCO enzyme without interference by the competing O,. Further-
more, the CO, concentrating mechanism leads to a 10 to 20 fold higher CO,
concentration around RuBisCO than in the mesophyll cell (Fig. 1.3; Ehler-
inger et al., 1997). This minimises the opening of the stomata during the day
which prevents evaporation and results in a high WUE especially in growth
areas of high temperature, high irradiance, limited water supply and/or low
atmospheric CO, concentration (Bjérkmann, 1976; Ehleringer et al., 1997;
Collatz et al., 1998; Winslow et al., 2003; Sage, 2004).

It is believed that the physiological adaptation of the C; mechanism
evolved independently many times within the last 7 to 30 million years in re-
sponse to a decline in atmospheric CO, concentration. This led to its distribu-
tion among a wide range of phytogenetically unrelated plants (Sage, 2001).
The C4 mechanism is predominantly found in monocotyledons, most of them
being grasses (about 60% of all C, species; Sage, 2001, 2004) followed by
sedges and dicotyledons (Leegood, 1999b; Sage, 2001; Keeley and Rundel,
2003; Sage, 2004). C4 plants are not represented in a high species number
(only 7,500 to 10,000 species or about 3% of the approx. 250,000 land plant
species; Sage, 2004). However, their environmental importance across the
world is high because they provide the principal grass cover of the tropical
and subtropical habitats due to their advantages over the more widespread
Cs pathway. The strategy of C,4 plants is not like that of CAM plants to merely
survive in niches where Cj3 plants cannot thrive. Instead, C, plants grow fast
and outcompete Cj3 plants in places where the climate is suitable to give

them an advantage over the C; plants.
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1.4 Factors controlling the abundance of plants utilising C3; and C4
metabolism

Primary factors controlling the C3/C,4 plant abundance in a habitat are tem-

perature and irradiation (Sage, 2001). In C3 plants, the quantum yield of CO,

uptake in normal air falls as the temperature rises due the onset of photores-

piration. In contrast, the cost of fixing CO, in a C4 plant remains constant in

relation to changes in temperature (Fig. 1.4a). In the absence of possible

photorespiration (at low O, concentration in the air) Cz plants exhibit the
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Fig. 1.4 Diagrams for quantum yield of net CO, uptake of Encelia californica
(C3) and Atriplex rosea (C,4) as a function of a) temperature in the air, b) CO,
and O, concentration (after Osmond et al., 1980), c) the temperature de-
pendence of photosynthesis in the prairie grasses Agropyron smithii (C3) and
Bouteloua gracilis (C,; after Edwards et al., 1985), and d) the quantum yield
of the closely related plants Atriplex patula (C3) and Atriplex rosea (C,) as a
function of light intensity (Bjorkmann and Berry, 1973).



1. Introduction

same constancy in the CO, uptake and are more efficient than C, plants
(Fig. 1.4b). In normal air CO, assimilation has an optimum at 20 to 30°C in
C; leaves and at 30 to 40°C in C4 leaves (Fig. 1.4c). C4 plants can only thrive
in natural habitats if growing season temperature is above 12 to 14°C
whereas lower night temperatures and colder seasons are tolerated (Sage,
2001).

With respect to light intensity C3 and C4 species perform photosynthesis
at nearly the same rate at low illumination (Fig. 1.4d). At higher light intensi-
ties both photosynthetic types increase their photosynthesis rate, but rates
for the C, species are above those of Cj; plants at full light intensity
(Bjérkmann and Berry, 1973; Bjérkmann, 1976). Under these conditions en-
ergy is no limiting factor and C4 species can take advantage of their CO;
concentrating mechanism. In natural habitats C, plants require 30 to 50% of
full sunlight intensity to be dominant in an area. Thus, the superiority of C4
species becomes significant in sunny habitats where light is not dimmed by
the shade of other plants or by clouds. Where light intensities average less
than 20% of full sun on a clear day C,4 species rarely occur (Sage, 2001).

In areas, where temperature and light conditions are suitable for C,
species, secondary factors gain importance for the C, plant abundance
(Sage, 2001). Among these secondary factors aridity and the occurrence of
distinct rainfall seasons support C4 over C3 biomass because C, plants have
a higher WUE and grow faster. Prominent habitats with such conditions are
tropical and subtropical environments where tree- and shrub-dominated
vegetation mainly consists of C; species whereas grasses often use the C,4
metabolic pathway. In such areas aridity and the occurrence of distinct rain-
fall seasons also promote fires which harm woody species, while C, grass
meristems are protected below ground or in fire-resistant tufts. In addition, Cs
plants grow slower under arid condition which elongates their establishment
time and makes them even more vulnerable to fire.

Other secondary factors influencing the C, plant abundance are more
local phenomena like edaphic characteristics or mechanical stress (Sage,
2001). Regarding edaphic characteristics, not only low nutrient availability

obstructs woody species but also the soil moisture capacity is important. Only

10



1. Introduction

deep soils enable water storage which supports perennial woody vegetation.
Furthermore, salinity tends to favour C, species because the higher WUE
reduces the salt load that the plants have to endure. Mechanical stress like
logging, grazing, waves or flooding can also promote C4 plants even in areas
where the availability of water is not a limiting factor. In this cases not WUE
but the faster growth of C,4 plants due to photorespiration prohibition is essen-
tial. An illustrative example for the fact that the occurrence of C4 plants does
not necessarily mean aridity are tropical sedges like the C4 plant Cyperus
papyrus (papyrus), which can be dominant in tropical African swamps
(Jones, 1987).

The proportion of C,4 plants in a habitat is the result of a complex inter-
play of the cited factors which are climate dependent to a large extent. The
C,4 plant abundance is inherently unstable, and small changes in climatic
conditions can lead to rapid changes in vegetation composition. Thus, ar-
chives reporting the C3/C, distribution on the continent can be used to de-

duce information about ancient continental vegetation and climate conditions.

1.5 Stable isotope composition of biomarkers
The isotope ratio of a component is expressed by & values with units of per-

mil (%o) relative to a standard substance, and its general form is represented

by

. R
S™E =[ﬂ—1}1000 (%o) Equation 1.1

standard

where “mhi” is the mass number of the heavier isotope, “E” is the element
and “R” is the abundance ratio of a heavier to the lightest, most abundant
isotope.

Chemically isotopes are indistinguishable, but the physical difference in
atomic radii causes reactions or processes to require slightly more energy if a
heavier atom is involved. Thus, fractionation between the heavy and the light
isotopes can occur in two ways. In biological systems, kinetic isotope effects

during chemical transformation will lead to a higher reaction rate for the
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lighter isotope and therefore enrich this isotope in the products. Secondly,
thermodynamically controlled equilibrium effects play a role where concentra-
tion gradients or phase transitions occur. Furthermore, thermodynamic ef-
fects also have been claimed to be essential in inter- and intramolecular iso-
tope exchange among different metabolites (Schidlowski, 1987). The advan-
tage of stable isotope measurements on naturally occurring compounds is
the fact that the isotopes comprise built-in tracers for physical processes and

chemical reactions.

1.5.1 Stable carbon isotope composition

Geochemically the stable carbon isotopic ratio is the most widely accepted
tool to determine if biogenic organic matter in sediments was synthesised of
carbon fixated by the C; or C4 pathway. The carbon component of most natu-
rally occurring carbon-containing materials exhibit 98.9% of *2C, 1.1% of *C
and about 10%% of the unstable radionuclide **C. The stable carbon isotope
composition is expressed according to Equation 1.1 as 8*3C ratios relative to
the Vienna-Pee Dee Belemnite (V-PDB) standard.

The production of biomass proceeds in two steps: The assimilation of
carbon and the biosynthesis of cell components. As a consequence, the
amount of **C in biological molecules mainly depends on (1) the *C content
of the carbon source, (2) isotopic effects during the assimilation of carbon,
and (3) isotopic effects during metabolism and biosynthesis (Hayes, 1993).
The 8*3C ratio of the atmospheric CO, is globally similar despite variations in
very local conditions but the fixation of atmospheric carbon as well as the
storage of carbon in the form of organic matter in plants passes through sev-
eral equilibrium and kinetic reaction steps, which cause *C/*C fractionation.
In all the fixation processes the heavier *C isotope will react slightly more
slowly than the lighter isotope *?C and only a fraction of the source carbon
will enter the process. This results in a relative enrichment of *2C and a de-
pletion of 3C in the product at the end of the process and enrichment of *C
in the remaining fraction (which in the case of plants is the left-over COy).
The route of fractionation in higher land plants starts with the diffusion of CO,

from the atmosphere through the stomata. The CO, dissolves and is con-
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verted into HCOg3 in the lumen of the leaf. This causes a fractionation of
about 4.4%. in C3 plants. The second fractionation step in the C3 pathway is
the enzymatic fixation of CO,. The carboxylation mediated by RuBisCO re-
sults in about 30%. fractionation. The overall carbon isotopic composition is
related to that of atmospheric CO, by the simplified model relationship for C3
plants in Equation 1.2 (Farquar et al., 1982; Farquar et al., 1989).

In C, plants, discrimination against **C is more complex. The overall
fractionation is described by the model in Equation 1.3. CO, diffuses through
stomata, dissolves, is converted into HCO3 and fixed by PEPC into OA ( Fig.
1.3). Then various transformations occur which are different for the various
C4 types (cf. Chapter 1.3.3). At equilibrium, the heavier isotope concentration
in HCO3' is similar to that in C3 plants. This discrimination depends on tem-
perature, being 8.5%o at 20°C, 7.9%o at 25°C, and 7.4%. at 30°C (Mook et al.,
1974). PEPC discriminates against H3COs™ by about 2.2%. (O'Leary, 1981).

5Coypan = 0Coo, ~d — (0, —d)=-  Equation 1.2
2 Ca

C.
513CC4plant =5"Ceo, —d = (b, "'bsq)_d)c_I Equation 1.3

Ci Ci
JDA(bZ—d)Cdt+fA(b4—d)Cdt

f;\du [ Adt *— Equation 1.4

8" Ccaplant, 8 Ccaplant, 8 -Ccamplant: ISOtope composition of the biosynthetic
carbon of the C3, C4, and CAM plant

6130002: Carbon isotope composition of the ambient CO,

d: Discrimination by the diffusion of CO,, into the leaf

b1, by, bs, bs: Discrimination against *3CO, by RuBisCO in Cs plants (by), by
PEPC in C4 and CAM plants (by), by RuBisCO in C,4 plants (bz) and dur-
ing the light period in CAM plants (ba)

ci: CO; concentration in the intercellular space of leaves

Ca: Ambient CO, concentration in the air

®: Extent of leakiness

[Pdt and [*dt: Denotes the time integral in the dark ([°dt) and that in the light
(Hdt)

A: Assimilation rate

o 13CCAMplam =0 13Ccoz -d-
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No further discrimination would occur if the bundle sheath cells were gas tight
but some CO, and HCOg3' is likely to leak into the mesophyll cells. The iso-
topic fractionation by RuBisCO cannot be fully expressed due to the internal
carbon concentration mechanism and the dependence on the tightness of the
bundle sheaths (in which RuBisCO is located). The extent of leakiness of the
bundle sheath is given by @ in the Equation 1.3 and determines to which ex-
tent fractionation occurs by RuBisCO (Farquar, 1983; Farquar et al., 1989).
Plants in the CAM mode take up CO, and synthesize OA using PEPC;
the OA is then reduced and stored as malate (cf. Fig. 1.2). At dawn the plants
close their stomata and decarboxylate the malate, refixing the released CO.
using RuBisCO. The malate that is stored at night will show the same dis-
crimination as for C, species without leakage. In the simplest case of C, fixa-
tion in the dark and possible C; fixation in the light, the average discrimina-
tion over a 24 h period is modelled by Equation 1.4 (Farquar et al., 1989).
Bender (1968) was the first to recognise that higher plants fall into dis-
tinct groups on the basis of the 83 ratio of their organic carbon and that this
was related to the operation of C3 and C,4 photosynthesis. Numerous studies
confirmed that biomass of C3 and C, plants exhibit distinctive §'3C values
(Fig. 1.5). The C3 photosynthetic pathway produces organic matter with 5'3C
values ranging from -22%o to -38%o., whereas the organic matter of C, plants
is significantly enriched in *3*C and generally ranges from -9%o to -20%o (Tip-
ple and Pagani, 2010). CAM plants are more difficult to distinguish because
they use the C3 pathway if water supply is sufficient. But under arid condi-
tions the full CAM pathway is engaged and the isotopic signature is similar to
that of C4 plants. Therefore, CAM plants show 8*3C values in-between those
of C3 and C,4 plants (Fig. 1.5) depending on the climatic conditions of the
habitat. They approximately range from -10%o to -33%o (Schidlowski, 1987).
Important controls on §*3C values of plants causing the quoted ranges
are the isotopic composition of the atmosphere and those environmental and

physiological variables that influence the ci/c, ratios in Equations 1.2 to 1.4.
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Fig. 1.5 8'3C values of 474 grass species and of 55 Bromelia species, dem-
onstrating the distinct difference in isotopic composition between C3, C4 and
CAM plants. Values collected from Smith and Epstein (1971), de la Harpe et
al. (1981), Hattersley , Koch et al. (1991), Lichtfouse et al. (1994), Schulze et
al. (1996), Muzuka (1999), Pierce et al. (2002), and Boom (2004).

Especially the 5'3C values of C; plants are affected by several factors caus-
ing a wider range in 8*3C values compared to C, plants (cf. Fig. 1.5). Arens et
al. (2000) collected factors from the literature that have been cited to influ-
ence carbon isotopic discrimination in C3 plants (Table 1.1).

With the aid of stable carbon isotope measurements terrestrial organic
material of C3 and C, plants can be distinguished through their §'3C values,
which is of great use in the investigation of palaeo-vegetation. Possibly, CAM
plants disturb the reliability of the assessments, but, looking at the present-
day CAM plants, it seems unlikely that these species would have synthesised
a large portion of plant biomass, since they usually occupy small ecological
niches. C3; and C4 plants are in the focus of scientists working with stable iso-
topes to reconstruct palaeo-environments, especially palaeoclimatic condi-
tions, by determining the climate-dependent proportion of representatives of
the photosynthetic pathways in the vegetation. Leaves and their features
such as Kranz anatomy are seldom preserved in fossil material. The only
material omnipresent in geological archives is morphologically degraded or-

ganic material. But bulk marine sediments typically contain a mixture of ma-
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rine and terrestrial organic matter and thus, bulk parameters cannot easily be

used to deduce the contribution of plants employing different metabolic path-

ways from the adjacent continent. In contrast, specific biomarkers like

Table 1.1 Factors influencing the carbon isotopic discrimination in C3 plants
(adopted from Arens et al., 2000, for details see references therein). c¢i: CO;
concentration in the intercellular space of leaves; c,: Ambient CO, concentra-

tion in the air.
13
Effect on 8" Ccaplant
Effect
Factor on clc, Range Direction Ecological conditions
) . i Within closed canopies or in eco-
Recycled CO, Little 1-5% Negative  gystems where soil outgasing is
high
Low light Increase 5-6%c Negative Forest understory
Water stress, Decrease 3-6%. Positive Arid and semiarid climate
low relative humidity
. o High-salinity soils
-109 ’
Osmotic stress Decrease 3-10%0 Positive extreme at high pCO,
Low nutrients Increase 4%o Negative Nutrient-poor soils
Low temperature Increase 3%o Negative E’olar regions during ice house
times, high altitude
Reduced pCO, Decrease 3-7%o Positive High mountains
with altitude
Growth form and Increase/ | 4o Negative/ Variation between trees, forbs,
deciduousness decrease *®  positive and grasses, and between ever-
green and deciduous species
Age (juvenile Increase 20 Negative  Seedling or sapling versus repro-
versus adult) in juvenile  <"° in juvenile  ductive individual
Sun versus Increase 1-39% Negative  Variation due to positive in the
shade leaves in sun * insun canopy relative to direction of sun
Seasonal variation Increase/ 1-2%, Neg_a_ltlve/ St_rong_est effect in semiarid and
decrease positive arid climate
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the n-alkanes and n-alkan-1-ols, mainly derive from higher land plants and,
thus, are useful for such investigations (Pancost and Boot, 2004).

Long-chain n-alkanes (n-Czs to n-Czs) with an odd-over-even carbon
number predominance and long-chain n-alkan-1-ols (n-C4 to n-Cgz4) with an
even-over-odd carbon number predominance are part of all leaf waxes of
higher terrestrial plants (Eglinton and Hamilton, 1967; Tulloch, 1976; Baker,
1982; Bianchi, 1995). During their biosynthesis, they become more depleted
in *C than the total biomass (by about 10%o in the case of n-alkanes; Collis-
ter et al., 1994). Thus, their 8*3C ratios vary between -32%o and -39%o in Cs
plants and between -18%. and -25%. in C,4 plants (Rieley et al., 1991, 1993;
Collister et al., 1994). Neglecting the CAM plant contribution to the biomass
and their contribution to preserved wax biomarkers in soils and sediments, a
simple two-component mixing model, Equation 1.5, can be used to estimate
the contribution of plants utilising C3 or C, photosynthetic pathway by em-

ploying compound-specific stable carbon isotopic compositions.

5 Coyg = (L nc,) '513Cws—c3p|ant +Ncy - 6 Chg_ca plant Equation 1.5

§3Cswe: Measured 5'3C value of sedimented leaf wax biomarker
613CWB-03p|am: 513C value of the wax biomarker in Cz plant leaf waxes
8" Cwa-caplant: 8°C value of the wax biomarker in C, plant leaf waxes
Ncq4: Proportion of the C4 plant wax signal to the total biomarker

1.5.2 Stable hydrogen isotope composition
Hydrogen exhibits three naturally occurring isotopes, denoted as hydrogen-1
or protium (*H or H; 99.98%), hydrogen-2 or deuterium (*H or D; 0.02%) and
the unstable radionuclide hydrogen-3 or tritium (3H or T, trace amounts). The
stable hydrogen isotope composition is expressed according to Equation 1.1
as &°H or 8D ratios relative to the Vienna-Standard Mean Ocean Water
(V-SMOW) standard.

The only source for hydrogen in organic substances is meteoric water.

This is liquid or solid water that falls or has fallen from the sky and includes
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rain, fog, hail, sleet, and snow. Most precipitation on Earth occurs over the
oceans whereas about 90% of oceanic water vapour condenses after mini-
mal horizontal movement and falls back into the ocean. The remaining 10%
are carried over the continents by winds. Over landmasses additional water
vapour from freshwater sources can be picked up. If the air masses cool
down, supersaturation occurs and much of the water vapour condenses and
precipitates on land to reside in glaciers, groundwater systems, rivers and
lakes. About one-third of continental precipitation is derived directly from
oceanic water vapour. The remaining two thirds enter the atmosphere
through evaporation from soils, lakes and rivers and, significantly, by
evapotranspiration of plants (Sharp, 2007).

Evaporation and condensation of water are processes which both com-
prise stable isotope fractionation. Vapour pressures of lighter molecules are
higher than those of heavier molecules of the same chemical compound. Ac-
cordingly lighter molecules of water preferentially escape from the surface of
the liquid into the vapour phase upon evaporation. The opposite occurs upon
condensation, with heavier molecules preferentially condensing out and leav-
ing a vapour phase relatively enriched in isotopically lighter water. Most of
these processes occur under Rayleigh conditions where one phase (e.g.
condensate) is continuously removed from the system prohibiting back ex-
change between the two phases after separation.

Air masses experience a series of precipitation cycles during which both
the vapour remaining and the precipitation become progressively lighter. A
typical precipitation pattern is illustrated in Fig. 1.6. The water vapour over
the ocean has a 8D value of about -87%.. Some vapour condenses and rains
out a liquid phase with a 6D value of -14%.. The removal of this relatively
heavy water leaves behind vapour with even lower 6D values (-112 %o), so
that the next cycle of rainout has a 6D of -31%.. As the air mass moves far-
ther inland and more and more precipitation cycles occur, the 6D values of
condensate become progressively more negative. This phenomenon is
known as the continentality effect. If the moist atmospheric air masses are

carried up high mountains rainout increases as temperature decreases. The
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Initial Later
Precipitation Precipitation

Continent

Fig. 1.6 Rainout effect on 6D values (modified from SAHRA, 2010; based on
Hoefs, 1997).

percentage of vapour remaining in the air mass decreases more rapidly re-
sulting in stronger isotopic gradients along the mountain slope (altitude ef-
fect).

Another effect influencing the hydrogen isotope composition of precipi-
tation, called amount effect, causes a negative correlation between mean D
values and amount of monthly precipitation in tropical regions. The hydrogen
isotope composition of rain falling at a given tropical station is high in months
with little rain and low during the rainy season. The effect is considered a
tropical effect but it also occurs to a lesser extent at mid latitudes in the
summer. Explanations for the amount effect are given only in qualitative
terms because the behaviour of water in convecting air masses is very com-
plicated. There are four associated processes (Sharp, 2007): (1) As air rises
and cools to saturation, condensate falls through other droplets that formed
below and can exchange with them, (2) the droplets can grow larger by tak-
ing on more vapour as they fall, (3) upon exiting the cloud the droplets can
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evaporate into dry air, and (4) droplets can exchange with vapour present in
non-saturated air below the cloud.

When droplets evaporate into very dry air, isotopically light molecules
vaporize preferentially and with an isotope effect. Evaporation is most pro-
nounced when the rainwater falls through dry, hot air. Additionally, when the
amount of precipitation is low, the degree of cooling below the cloud mass is
minimal. Under these conditions, the below-cloud air temperature is relatively
high and significant evaporation can take place. During slightly more humid
conditions, the probability of encounters between falling droplets and vapour
molecules in the air increases and exchange can occur between them. As a
result of such exchange reactions, the liquid becomes richer in the heavier
isotopes because lighter isotopes preferentially remain in the vapour. The
two processes of evaporation and exchange explain the enrichment of heavy
isotopes in gentle tropical rain. At periods of intense tropical rainfall, rapidly
ascending air masses result in deep cooling of the air mass, causing massive
rainout with big rapidly falling droplets. Under these conditions fractionation,
evaporation of droplets as well as exchange with vapour is low resulting in
isotopically light precipitation.

The precipitation reaching the earth surface forms the soil water, which
is the only source for hydrogen in most terrestrial plants. Thus, the hydrogen
isotopic composition of plant wax n-alkanes depends on the 3D ratios of pre-
cipitation, but it is also the result of fractionation during soil evaporation, plant
transpiration and biosynthesis. For biosynthesis it was hypothesised that the
fractionation of hydrogen is relatively constant (Sessions et al., 999; Sachse
et al., 2004; Feakins and Sessions, 2010). In contrast, different evaporation
and evapotranspiration strengths can lead to changing extents of deuterium
enrichment (Sternberg, 1988) whereas plant water enrichment is assumed to
vary due to plant characteristics like ecological life form (tree, shrub, grass;
Liu et al., 2006; Liu and Yang, 2008, Feakins and Sessions, 2010a) and
metabolic pathway employed (C3/C4/CAM; Chikaraishi and Naraoka, 2003; Bi
et al., 2005; Smith and Freeman, 2006; Feakins and Sessions, 2010b). The
hydrogen isotope compositions of n-alkanes integrate these various factors.

Despite these potentially obscuring influences, studies of lake sediments
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comparing measured stable hydrogen isotope compositions of plant lipids
with those of source waters have found a linear or nearly linear relationship.
This suggests that lipid values can serve as direct proxies for the hydrogen
isotope composition of precipitation (Sachse et al., 2004; Hou et al., 2008)
and thus may report, e.g., past precipitation amount changes. For ocean

margin sediments hitherto no transect study has elucidated this relationship.

1.6 Motivation and objectives of this project
A major goal of this study was the validation of relations between Africa’s
continental vegetation and plant lipid characteristics preserved in recent
ocean margin sediments as well as elucidating potential correlations with cli-
matic and hydrological conditions. Despite the many palaeo-environomental
interpretations for sedimentary material in e.g., African lakes or ocean margin
sediments (e.g., Scheful? et al., 2003b; Rommerskirchen et al., 2006a; Wei-
jers et al., 2009; Tierney et al., 2010b) analytical data for C3 plant material
grown in its natural habitat was sparse and thus rain forest and savanna
vegetation representatives were analysed. Furthermore, as previous studies
of sediment transects revealed some inconsistencies, which were related to
the use of sediment material from different water depths, an isobathic sedi-
ment transect recovered from the southwest African ocean margin was ana-
lysed. The key questions of the project are summarised as follows:

e What are the characteristics of distribution patterns and stable carbon
isotope compositions of n-alkanes and n-alkan-1-ols derived from plant
waxes of tropical African rain forest and savanna C3 species?

e Are plant lipid characteristics influenced by the plant’s life form (herb, li-
ana, shrub, and tree)?

e Do the n-alkane distribution pattern and stable carbon isotopic composi-
tion of ocean margin surface sediments reflect the recent vegetation
composition on the continent?

¢ Can sediment-derived n-alkane parameters be used to deduce vegetation
composition in the catchment area?

¢ Which environmental conditions (precipitation, aridity) control vegetation

composition?
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¢ Does the n-alkane stable hydrogen isotope composition mirror the hydro-
gen isotope composition of continental precipitation?

e Does the apparent fractionation between the stable hydrogen isotope
compositions of lipids and precipitation depend on climatic conditions or

vegetation composition?

1.7 Outline of the author’s contribution and the project parts
This thesis presents published material and material submitted or prepared
for publication from two interdependent study areas within organic geochem-
istry. The first category deals with the carbon number distribution and mo-
lecular stable carbon isotope composition of long-chain n-alkanes and
n-alkan-1-ols in leaf waxes of African rain forest and savanna C3 plants. The
results of the study on this topic are presented as Chapter 2. The second part
of this thesis deals with the correspondence of the recent continental vegeta-
tion of southwest Africa with the lipid composition preserved in southeast At-
lantic Ocean margin surface sediments. The recovery sites of the sediments
constitute an isobathic (ca. 1300 m) transect from 2°N to 28°S. This part fo-
cuses on the n-alkane characteristics and was split into two publications. The
first sediment transect publication (Chapter 3) deals with chain length distri-
bution parameters and molecular stable carbon isotope characteristics. The
second sediment transect manuscript (Chapter 4) analyses the correlation of
the hydrogen isotope compositions of sediment-derived n-alkanes with those
of the continental precipitation.

As all publications bear the names of several co-authors, it is clarified
below which parts of the individual publications were contributed by the au-

thor herself. A short overview on the individual Chapters is also given.
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Chapter 2: Distribution patterns and stable carbon isotopic composition
of alkanes and alkan-1-ols from plant waxes of African rain forest and
savanna C3 species
For the first publication molecular stable carbon isotope compositions of long-
chain wax n-alkanes and n-alkan-1-ols as well as their distribution patterns in
waxes of 69 African C3 plant species were analysed. The sample selection,
the organisation of the cooperation as well as retrieval of rain forest plant leaf
samples from the herbarium in Wageningen (The Netherlands) was handled
by the author herself. She investigated 52 plants and Heiko Moossen ana-
lysed additional 17 rain forest plants for his diploma thesis, supervised by the
author. The evaluation and interpretation of the results and the development
of the concept, the writing and editorial handling of the publication was mainly
done by the author herself, supported by suggestions from Florian Rommer-
skirchen (Marum, University of Bremen, Germany) and Jirgen Rullkotter
(ICBM, University of Oldenburg, Germany).

This publication aims at the characterisation of the signatures of tropical
and subtropical rain forest and savanna Cj plants. Analytical results for 45
savanna species and 24 rain forest plants sampled in their natural habitats
were presented. Contents and distribution patterns of long-chain n-alkanes
and n-alkan-1-ols as well as bulk and molecular carbon isotopic data are pre-
sented. It arose that the variations of the analysed parameters among differ-
ent growth forms (herb, shrub, liana, and tree) are small within the vegetation
zones, but characteristic differences occur between the signatures of rain
forest and savanna plants. Therefore, averaged histograms for rain forest
and savanna Cjz plants were presented and compared with previously pub-
lished data of tropical C4 grasses (Rommerskirchen et al., 2006b). Trends to
longer n-alkane chains and less negative carbon isotopic values are evident
from rain forest over C3 savanna to C4 vegetation. For n-alkanols of rain for-
est plants the maximum of the averaged distribution pattern is between those
of C3 savanna plants and C, grasses. The characteristics of the averaged
presentations for tropical and subtropical vegetation confirm these molecules
to be useful biomarker proxies for studies analysing the expansion and con-

traction of African vegetation zones.
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Chapter 3: n-Alkane parameters derived from a deep-sea sediment
transect off southwest Africa reflect continental vegetation and climate
conditions

For the second manuscript the stable carbon isotope compositions of long-
chain wax n-alkanes as well as their distribution patters in lipid fractions of
ocean margin sediment samples constituting an isobathic transect off south-
west Africa were evaluated. The samples were analysed by Tanja Badewien
for her diploma thesis, supervised by the author. Additional analyses (bulk
parameters) were done by technical assistants supervised by the author. The
interpretation of the results, the development of the concept for the publica-
tion as well as the discussion of the results and the writing of the manuscript
were handled by the author, supported by suggestions from Enno Schefuld
(Marum, University of Bremen, Germany) and Jurgen Rullkétter (ICBM, Uni-
versity of Oldenburg, Germany).

The results for the sediment transect ranging from 2°N to 28°S reveal
southward trends to longer chain lengths and less negative stable carbon
isotope composition reflecting the changing contribution of plants employing
different photosynthetic pathways (C3; and C,). Both the stable carbon iso-
tope composition and the average chain-length distribution were found suit-
able to estimate the relative C, plant contribution to the sediments. The cal-
culated C,4 plant proportion corresponded to the C4 plant abundance in postu-
lated continental catchment areas if non-latitudinal eolian transport was taken
into account. Furthermore, the calculated C, contribution to the sediments
correlates significantly with the mean annual precipitation and the aridity indi-
ces of the postulated catchment areas which may constitute a useful tool to
deduce the aridity prevailing in ancient times. Thus, this part of the study cor-
roborates and expands the potential of n-alkanes in continental margin sedi-
ments for the reconstruction of recent and ancient continental vegetation and

climate conditions.
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Chapter 4: Stable hydrogen isotopic compositions of land plant derived
n-alkanes in marine sediments reflect 6D values of continental precipi-
tation

For the third manuscript the stable hydrogen isotope compositions of long-
chain plant wax n-alkanes in lipid fractions of an isobathic deep-sea sediment
transect were evaluated. The analytical work-up was done by Tanja
Badewien for her diploma thesis, supervised by the author. The hydrogen
isotope analyses of the aliphatic compounds were handled by the author.
The interpretation of the results, the development of the concept for the pub-
lication as well as the discussion of the results and the writing of the manu-
script were handled by the author, supported by suggestions from Enno
Scheful3 (Marum, University of Bremen, Germany) and Jurgen Rullkétter
(ICBM, University of Oldenburg, Germany).

The hydrogen isotope ratios of the n-alkanes in the ocean margin sedi-
ments correlate with modelled hydrogen isotope compositions of mean an-
nual, growing-season and end of growing-season precipitation of continental
source areas along postulated transport pathways. Despite the huge gradient
of climatic conditions and vegetation characteristics and neglecting potential
inconsistencies in catchment area definitions, the apparent fractionations es-
pecially for the n-C,9 and n-C3; alkane and mean annual precipitation are
fairly constant (-109+3%. and -115+3%o, respectively) and show no significant
correlation with environmental conditions. This corroborates the potential of
hydrogen isotope ratios of leaf wax n-alkanes preserved in continental mar-
gin sediments for palaeo-climatic studies. They may be directly converted
into oD ratios of ancient precipitation by the presented fractionation factors to
elucidate changes of the hydrogen isotope composition of precipitation on the

adjacent continent and their potential climatic causes.
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2. Characteristics of C3 rain forest and Cz savanna plant wax lipids

2. Distribution patterns and stable carbon isotopic
composition of alkanes and alkan-1-ols from plant

waxes of African rain forest and savanna C3 species

Angela Vogts, Heiko Moossen, Florian Rommerskirchen, Jirgen Rullkétter

This chapter was published: Vogts, A., Moossen, H., Rommerskirchen, F., and Rullkétter, J.,
2009. Distribution patterns and stable carbon isotopic composition of alkanes and alkan-1-
ols from plant waxes of African rain forest and savanna C; species. Organic Geochemistry
40, 1037-1054, doi:10.1016/j.orggeochem.2009.07.011.

2.1 Abstract

Leaf wax components of terrestrial plants are an important source of biomass
in the geological records of soils, lakes and marine sediments. Relevant to
the emerging use of plant wax derived biomarkers as proxies for past vegeta-
tion composition this study provides key data for C3 plants of tropical and
subtropical Africa. We present analytical results for 45 savanna species and
24 rain forest plants sampled in their natural habitats. Contents and distribu-
tion patterns of long chain n-alkanes (n-Czs to n-Czs) and n-alkan-1-ols (n-Cy4
to n-Cs4) as well as bulk and molecular carbon isotopic data are presented.
The variations of the analysed parameters among different growth forms
(herb, shrub, liana, and tree) are small within the vegetation zones, whereas
characteristic differences occur between the signatures of rain forest and sa-
vanna plants. Therefore, we provide averaged histogram representations for
rain forest and savanna C; plants. The findings were compared to previously
published data of typical C, grass waxes of tropical and subtropical Africa.
Generally, trends to longer n-alkane chains and less negative carbon isotopic
values are evident from rain forest over C3 savanna to C, vegetation. For
n-alkanols of rain forest plants the maximum of the averaged distribution pat-
tern is between those of Cz savanna plants and C, grasses. The averaged
presentations for tropical and subtropical vegetation and their characteristics
may constitute useful biomarker proxies for studies analysing the expansion

and contraction of African vegetation zones.
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2.2 Introduction

Wax lipids cover all aerially exposed organs of higher land plants and can
constitute of a wide range of chemical components. In virtually all plant wax-
es long chain n-alkanes and n-alkan-1-ols are abundant and can account for
more than 60% of the epicuticular lipids (Tulloch, 1976). After the decay of
plants both compound classes are relatively resistant against degradation,
although the stability is assumed to decrease from n-alkanes to n-alkan-1-ols
(Poynter and Eglinton, 1991). These components can persist in the area of
production and lead to a signal of the plant wax composition of local species
in the underlying soil or in the sediments of nearby water bodies (Jansen et
al., 2008). On the other hand, depending on environmental conditions, wax
lipids can be transported over substantial distances by rivers and wind (Bird
et al., 1995; Conte and Weber, 2002). Thus, biomarkers of terrestrial plants
can end up in soils as well as in lake or ocean sediments and give an inte-
grated signal of the wax composition of the plant species within the catch-
ment area. If deposition is continuous and there is no selective degradation
of certain compounds, chronological geological records of the original wax
components can develop.

Commonly analysed characteristics of n-alkanes and n-alkan-1-ols are
their chain length distribution patterns. Long chain n-alkanes typically occur
in the n-Cysto n-C3s range (Chibnall et al., 1934) with characteristic odd over
even carbon number predominance (Eglinton and Hamilton, 1967) and
n-alkanols in the n-C,, to n-Cz4 range with even over odd carbon number
predominance (Baker, 1982). It has been suggested that plants of warmer
tropical and subtropical climates biosynthesise longer chain wax components
than plants in habitats of the temperate regions (Gagosian and Peltzer,
1986). This concept has been used as a proxy for climate dependent vegeta-
tion changes (e.g., Poynter et al., 1989; Rommerskirchen et al., 2006a).

Another valuable characteristic of plant wax constituents is their carbon
isotopic composition. Carbon of plant constituents like leaf waxes can derive
from different CO, fixation pathways. Nearly 90% of the estimated 250,000
land plant species use the C3 photosynthetic pathway (CBB Cycle; Bassham

et al., 1954), i.e. almost all woody species of temperate and wet tropical re-
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gions (Sage, 2001). The C4; metabolism (Hatch-Slack-Cycle; Hatch and
Slack, 1966), another principal CO, fixation pathway, is an elaboration of the
CBB Cycle and preconcentrates CO, by a complex biochemical process
(Hatch, 1987). This CO, concentrating mechanism prevents ineffective
photorespiration and leads to an improved water use efficiency under condi-
tions of high temperature, high light intensity, high salinity, limited water sup-
ply and/or low CO, concentrations (Downes, 1969; Bjorkmann, 1976). But
extra energy is needed for the advantageous additional process. Hence, C4
plants can outcompete C; plants successfully only in some regions like the
sunny subtropical and tropical savanna and desert areas (Sage, 2004). The
different CO, fixation pathways cause characteristic differences in the stable
carbon isotope composition of plant material (§**Cpn) from -21%o to -35%o
and from -9%o to -20%o in C3 and C4 plants, respectively (O'Leary, 1988). Leaf
wax lipids become more depleted in **C during biosynthesis than the total
biomass, so that their 8*C values vary between -29%o and -39%o in Cs and
between -14%0 and -26%o in C4 plants, respectively (Bi et al., 2005 and refer-
ences therein). Thus, the carbon isotopic composition of higher land plant
lipids can be used to evaluate the contribution of C3 and C4 plants to geologi-
cal archives.

One focus of studies combining stable carbon isotopic composition and
chain length distribution patterns has been the African continent. Studies of
geological records found a shift to longer chain homologues accompanied by
heavier 8*3C values of these components from rain forest over savanna to
open grassland regions. The authors of these investigations attributed their
findings to an increase in abundance of C,4 vegetation, especially C4 grasses
growing in arid grasslands, accompanied by a decrease of woody C3 species
(Rommerskirchen et al., 2003; Scheful et al., 2004; Rommerskirchen et al.,
2006a; Weijers et al., 2009).

Relevant to the emerging use of the characteristics of long chain ali-
phatic biomarkers as proxies for continental vegetation changes in Africa, the
present study provides comprehensive analytical data for the plant wax com-
position of tropical and subtropical species from Africa. We focused our in-

vestigation on Cj plants with different growth forms (herb, shrub, liana, and
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tree) sampled in their natural habitats and not under artificial conditions of
greenhouses. Contents of wax n-alkanes and free n-alkan-1-ols as well as
bulk and molecular stable carbon isotopic compositions are presented for 45
plant samples collected in savanna regions and 24 rain forest species. We
combine our results with previously published analytical data from tropical
and subtropical C4 grasses from Rommerskirchen et al. (2006b). Thus, we
expand the knowledge about the wax composition of tropical and subtropical
African plants and provide key data for the increasing use of plant wax con-

stituents for palaeoenvironmental studies.

2.3 Sampling area, samples and methods
2.3.1 Sampling area: Distribution of vegetation zones in Africa

In general, the vegetation types on the African continent grade south-
and northwards from the equatorial evergreen rain forest over dry evergreen
and deciduous forests, wood- and shrublands to grasslands and deserts
(Fig. 2.1). At the high latitude coastlines southern subtropical and northern
Mediterranean deciduous forests prevail. There is a clear gradient from the
equator to the tropics from dense evergreen formations to dry open land
cover plant classes, corresponding to the rainfall gradient (Mayaux et al.,
2004).

Rain forest vegetation is characterised by a large diversity of species.
Woody plants form the major part of the biome (Richards, 1996). Tall individ-
ual trees (emergents, up to 60 m) stand above a closed canopy of trees
(10 to 40 m). Beneath the canopy are subdominant or younger trees and a
layer of shrubs. Ground herbs are normally poorly represented in undisturbed
rain forest. Epiphytic herbs are usually present, but they are only abundant in
the wetter upland rain forest regions. Lianas are found in all layers of the rain
forest and can constitute up to 30% of the rain forest flora (White, 1983). The
evergreen African rain forest extends to about 9°S and N and is increasingly
confined to river valleys towards its limits, whereas dry evergreen forests and
further on also deciduous species gain importance. The closed forest (with-
out grass layer) often abruptly passes into a wide zone of savanna wood-

and shrublands (Richards, 1996). Deciduous woody species can cover up to
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B Evergreen forest
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wood- and shrubland
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O Desert

Figure 2.1 Simplified land cover map of Africa; based on Mayaux et al.
(2004).

60% of the savanna (Cole, 1986) but the amount of woody C3 vegetation de-
creases with increasing aridity, accompanied by increasing C, grass abun-

dance.

2.3.2 Sample material

For this study we analysed 45 samples of C3 plants collected in sa-
vanna regions and 24 rain forest species. Information about sampling locali-
ties and dates is compiled in Table 2.1. Of Acacia mellifera and Colophos-
permum mopane we analysed duplicate samples and of Combretum indicum
we used three samples collected at different locations. The classification into
trees or shrubs follows the description of the collectors. Some species can
occur as tree or shrub depending on the growth conditions. Therefore, the
two samples of Acacia mellifera are allocated to different growth form groups.
The savanna species analysed comprise some of the dominant woody spe-
cies of this vegetation zone (Scholes et al., 2002) like Acacia sp., Colophos-
permum mopane, Burkea Africana, Dichrostacis cinera, and Grewia flaves-
cens. Among the herbaceous species are plants (Ocimum basilicum, Ipo-
moea cordofana), which were reported to be common, even sometimes

dominant weeds in the Gezira Agricultural Scheme of Sudan (Karar et al.,
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2005). Determination of abundant rain forest species is not that easy, be-
cause of the huge plant diversity in this vegetation zone. We therefore se-
lected plants from sites near rivers, because we assume that these have a
high contribution to the fluvial transport of terrestrial plant lipids to the lake
and ocean sediments, which are the focus of palaeo-environmental studies.

Rain forest plant material was provided by Prof. Dr. Marc Sosef, Biosys-
tematics Group, University of Wageningen, The Netherlands. The samples
were collected during different field trips in the years 1992 to 2005 by
J.J. Wieringa, F.J. Breteler, C.C.H. Jongkind, L.J.G. van der Maesen, N.
Sokpon, and J.L.C.H. van Valkenburg at elevations up to 500 m. Plant mate-
rial was dried between newspaper sheets at 70°C and stored at 20°C be-
tween such papers at the archive of the National Herbarium of the Nether-
lands (Wageningen branch). From the dried herbaria species we selected
and sampled leaves with the support of F. Aleva and J. Wieringa. The plants
were not poisoned or sprinkled with alcohol. We transported the samples in
solvent rinsed vials and ground them for analysis. Newspaper sheets as a
possible contamination source were analysed for n-alkanes and n-alkanols
and revealed no significant amounts of these compounds in the chain length
interval important for this study.

Savanna samples were made available by Dr. R.W. Mayes of the
Macaulay Institute in Aberdeen (United Kingdom) and Dr. L. Dupont of the
University of Bremen (Germany). Plants provided by Dr. R.W. Mayes were
collected in Tanzania and Sudan in 1992 and 2003 for plant lipid analysis
during animal diet studies. Collected material was considered to be represen-
tative of what animals would select to eat. Therefore, for some smaller plants
either the whole plant or plant parts including stems and/or flowers were pro-
vided. Plant material from Tanzania was collected from small trees and
shrubs (less than 3 m height) shaded by taller trees. The plants were used to
provide forage to farm livestock and collected leaves were fully developed
without signs of senescence. Scissors were used to harvest the samples into
paper bags. Plant material was dried at 85 °C and stored in paper bags prior
to grinding. Species from Sudan were collected from different rangeland ar-

eas and were sun dried prior to grinding. No detailed information was
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Table 2.1 C3 plant species studied: Analysed subspecies arranged according to growth form and habitat; used plant part,
date, country, location, latitude and longitude of collection.

Habitat and growth form/Analysed Subspecies Used plant parts Collectet Country, Location Latitide Longitude
Rainforest lianas
Combretum conchipetalum Engl. & Diels leaves 07/08/1992 Gabon, Maambi river 3°01'S 10°22'E
Combretum racemosum P.Beauv. leaves 30/10/2000 Gabon, Ogooué-lvindo 1°15.95'N 14°07.09'E
Cuervea macrophylla (Vahl) R.Wilczek ex N.Hallé leaves 16/03/1994 Gabon, Nyanga river 2°56.2'S 10°21.8'E
Landolphia mannii Dyer leaves 16/03/1994 Gabon, Nyanga river 2°57.2'S 10°21.6'E
Paullinia pinnata L. leaves 25/12/2000 Gabon, Zadié river 1°00.75'N 13°58.96'E
Psychotria ealensis De Wild. leaves 25/12/2000 Gabon, Zadié river 1°00.75'N 13°58.96'E
Rainforest shrubs
Coffea sp. L. leaves 05/05/1992 Gabon, Ogooué River 0°48'S 12°5'E
Combretum erosum Jongkind leaves 21/01/1999 Gabon, Ogooué-Lolo 0°41'sS 11°55'E
Combretum indicum (L.) DeFilipps leaves 26/11/2003 Gabon, Nyanga River 2°58.53'S 10°28.77'E
Combretum indicum (L.) DeFilipps leaves 12/12/1998 Benin, Zou, Cove 7°2'N 2°28'E
Combretum indicum (L.) DeFilipps leaves 08/11/1999 Benin, Mono River 6°5N 1°36'E
Combretum molle R.Br. ex G.Don leaves 18/11/1999 Benin, Atakora, Kouandé 10°04.5'N 1°33.9'E
Englerina gabonensis (Engl.) S.Balle leaves 07/08/1992 Gabon, Maambi river 3°01's 10°22'E
Ficus natalensis subsp. leprieurii (Mig.) C.C.Berg leaves 06/01/2001 Congo, Djoua river 1°22.6'N 14°05.3'E
Ficus thonningii Blume leaves 17/11/1999 Benin, Perma river 10°08.1'N 1°26.9'E
Oxyanthus unilocularis Hiern leaves 16/03/1994 Gabon, Nyanga river 2°56.5'S 10°19.7'E
Stipularia africana P.Beauv. leaves 25/12/2000 Gabon, Zadié river 1°00.75'N 13°58.96'E
Rainforest trees
Berlinia confusa Hoyle leaves 05/05/1992 Gabon, Ogooué-Lolo 0°40'S 13°E
Cynometra mannii Oliv. leaves 14/04/2005 Gabon,0gooué-Maritime 1°59.71'S 10°25.83'
Ficus ottoniifolia (Mig.) Mig. leaves 03/03/1990 Gabon, Ogooué-lvindo 0°51'N 13°27'E
Oncoba spinosa Forssk. leaves 10/08/2005 Burkina Faso, Bougouriba n.d. n.d.
Psychotria djumaensis De Wild. leaves 25/12/2000 Gabon, Zadié river 1°00.75'N 13°58.96'E
Treculia africana Decne. leaves 05/05/1992 Gabon, Ogooué River 0°48'S 12°5'E
Uapaca guineensis Mill. Arg. leaves 03/11/2003 Gabon, Ngounié 1°37.6'S 10°42.3'
Savanna herbs
Abutilon graveolens Roxb. ex Hornem. whole plant with fruits 2003, season unknown Sudan n.d n.d
Achyrantes aspera L. whole plant 2003, season unknown Sudan n.d n.d
Digeria muricata L. whole plant with flower 2003, season unknown Sudan n.d n.d
Heliotropium L. sp. whole plant 2003, season unknown Sudan n.d n.d
Ipomoea cordofana Choisy whole plant with fruits 2003, season unknown Sudan n.d n.d
Ocimum basilicum L. whole plant 2003, season unknown Sudan n.d n.d
Vigna L. sp. whole plant 2003, season unknown Sudan n.d n.d
N Xanthium brasilicum Vell. whole plant with fruits 2003, season unknown Sudan n.d n.d
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Table 2.1 (continued)

Habitat and growth form/Analysed Subspecies Used plant parts Collectet Country, Location Latitide Longitude
Acacia nebrownii Burtt Davy leaves 12/04/2005 Namibia, Namatomi 18°45's 16°56'E
Catophractes alexandri D.Don leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Crassocephalum mannii (Hook.f.) Milne-Redh. whole plant 1992 (wet season) Tanzania, Morogoro n.d. n.d.
Dichrostachis cinera L. leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Grewia flavescens Juss. leaves 09/04/2005 Namibia, Omatjenni 20°25's 16°29'E
Grewia flavescens Juss. leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Gymnosporia buxifolia (L.) Szyszyl leaves 09/04/2005 Namibia, Omatjenni 20°25's 16°29'E
Salvadora persica Wall. leaves 15/04/2005 Namibia, Welwitschia Plain 22°42'S 14°57'E
Savanna trees

Acacia erioloba E.Mey. leaves 15/04/2005 Namibia, Welwitschia Plain 22°42'S 14°57'E
Acacia karroo Hayne leaves 09/04/2005 Namibia, Omatjenni 20°25's 16°29'E
Acacia kirkii Oliv. leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Acacia luederitzii Engl. leaves 09/04/2005 Namibia, Omatjenni 20°25's 16°29'E
Acacia mellifera (Vahl) Benth. leaves 20/01/2003 Sudan n.d. n.d.
Acacia senegal (L.) Willd. leaves 20/01/2003 Sudan, Hashab n.d. n.d.
Adansonia digitata L. leaves 13/04/2005 Namibia, Baobab Corner 18°29's 13°46'E
Albizia anthelmintica (A. Rich.) Brongn. leaves 09/04/2005 Namibia, Omatjenni 20°25's 16°29'E
Balanites aegyptiaca (L.) Del. leaves 20/05/2003 Sudan, Higlig n.d. n.d.
Boscia albitrunca (Burch.) Gilg & Ben. leaves 09/04/2005 Namibia, Omatjenni 20°25's 16°29'E
Boscia foetida Schinz leaves 09/04/2005 Namibia, Omatjenni 20°25'S 16°29'E
Burkea africana Hook leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Colophospermum mopane (Kirk ex Benth.) Kirk ex J.Léon. leaves 12/04/2005 Namibia, Namatomi 18°45'S 16°56'E
Colophospermum mopane (Kirk ex Benth.) Kirk ex J.Léon. leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Combretum apiculatum Sond. leaves 13/04/2005 Namibia, Baobab Corner 18°29's 13°46'E
Combretum imberbe Wawra leaves 12/04/2005 Namibia, Namatomi 18°45'S 16°56'E
Commiphora glaucescens Engl. leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Commiphora merkeri Engl. leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Euclea pseudebenus E.Mey. leaves 15/04/2005 Namibia, Welwitschia Plain 22°42'S 14°57'E
Faidherbia albida (Delile) A.Chev. leaves 15/04/2005 Namibia, Welwitschia Plain 22°42'S 14°57'E
Leucaena leucocephala (Lam.) de Wit leaves 1992 (wet season) Tanzania, Morogoro n.d. n.d.
Morus alba L. leaves 1992 (wet season) Tanzania, Morogoro n.d. n.d.
Sclerocarya birrea (A. Rich.) subsp. caffra (Sond.) Kokwaro leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Sesbania sesban (L.) Merr. leaves 1992 (wet season) Tanzania, Morogoro n.d. n.d.
Tamarix usneoides E.Mey. ex Bunge leaves 15/04/2005 Namibia, Welwitschia Plain 22°42'S 14°57'E
Terminalia prunioides M.A.Lawson leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Ziziphus mucronata Willd. leaves 13/04/2005 Namibia, Baobab Corner 18°29'S 13°46'E
Ziziphus spina-christi (L.) Willd. leaves 20/01/2003 Sudan n.d. n.d.
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2. Characteristics of C3 rain forest and C3 savanna plant wax lipids

available about sampling location and the amount of light the plants from Su-
dan received. Ground samples of Tanzanian and Sudanese plants were
stored in annealed glassware.

Savanna plant material provided by Dr. L. Dupont was collected to-
gether with E. Marais during a field trip in Namibia in 2005. All samples origi-
nate from open areas and were taken at reaching height. During sampling
care was taken to prevent contamination by skin contact. Samples were

transported to Germany in paper bags. They were freeze dried and ground.

2.3.3 Analytical methods

In order to ascertain comparability with previous data obtained from geologi-
cal samples, we used workup methods established for the analysis of long
chain land plant wax components in marine sediments (Rommerskirchen et
al., 2003; Rommerskirchen et al., 2006a). To avoid lipid contamination, skin
contact with the samples was carefully avoided during the analytical proce-
dure. All glassware and laboratory equipment was cleaned with dichlorome-
thane and n-hexane. All chemicals were appropriately pure for gas chroma-
tographic residue analysis.

Plant material (0.1 to 0.7 g) was extracted in an Accelerated Solvent
Extractor (ASE) using dichloromethane and methanol (99/1, v/v; three times
5 min, 70 bar, 100°C). ASE extraction is faster and less solvent consuming
compared to ultrasonication or Soxhlet extraction while yielding comparable
results. Completeness of extraction was confirmed by repeated extractions of
randomly selected samples. Squalane and 5a-androstan-3p3-ol were added
to the extracts as internal standards for compound class separation and
analysis because their behaviour during liquid and gas chromatography is
similar to the lipids of interest and they do not occur in plant waxes.

The total extracts were dissolved in n-hexane and insoluble compo-
nents were removed by filtration over NaSO4. The n-hexane soluble plant
constituents were separated by medium pressure liquid chromatography
(Radke et al., 1980) into fractions of aliphatic/alicyclic hydrocarbons, aromatic
hydrocarbons and polar heterocomponents (NSO). From the NSO fraction

carboxylic acids were separated by column chromatography with potassium
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2. Characteristics of C3 rain forest and C3 savanna plant wax lipids

hydroxide impregnated silica gel as stationary phase. The n-alkanols were
isolated from the neutral heterocomponents by the urea adduction procedure
described by Rommerskirchen et al. (2006b). Blank samples of purified sand
underwent the same workup procedure as the plant samples and showed no
contamination.

The wax lipids were analysed by gas chromatography with flame ionisa-
tion detection (GC-FID) using a high temperature capillary column (J&W, DB-
5HT, 30 m length, 0.25 mm inner diameter, 0.1 pum film thickness) with he-
lium as carrier gas. The GC oven was programmed from 60°C (2 min) to
350°C at a rate of 3°C min™, followed by an isothermal phase of 15 min. The
injector temperature was programmed from 60°C (5 s) to 350°C (60 s) at
10°C s™. Compound identification was performed using an identical GC sys-
tem coupled to a Finnigan SSQ 710 B mass spectrometer operated in elec-
tron impact mode (70 eV) at a scan rate of 1 scan s™ over the mass/charge
ratios range from 50 to 650.

Plant wax biomarkers were identified by comparison of retention times
with those in standard mixtures and their contents calculated as ug g™ dry
plant material (DM) based on signal intensities of biomarkers and internal
standards in the GC-FID traces. The differences in response between homo-
logues of different chain lengths and internal standards were found to be
negligibly small (coefficients of variation below 6%) and no trends of the re-
sponse factors with chain length was observed. Squalane was used as inter-
nal standard for the n-alkanes whereas 5a-androstan-3p-ol was used for
n-alkan-1-ol quantification. For an assessment of systematic variations in the
distribution patterns of biomarkers, contents of individual homologues were
converted into percentages of biomarkers within the homologous series to
allow comparison of samples after averaging.

Bulk isotopic composition of ground, dried plant material (5*3Cpy) was
determined using a Carlo Erba Elemental Analyser (EA) 1108 coupled to a
MAT 252 isotope ratio mass spectrometer (irm-MS). Molecular isotopic com-
positions were analysed by a GC system coupled to a MAT 252 or MAT 253
isotope ratio mass spectrometer (GC-irm-MS). Calibration of isotope analysis

was performed by injecting several pulses of CO; at the beginning and at the

35



2. Characteristics of C3 rain forest and C3 savanna plant wax lipids

end of each GC run, by using squalane as an internal standard and by
measurement of certified standards between sample runs. For analysis,
n-alkanols were converted to their trimethylsilyl ether derivatives. Carbon iso-
topic values of n-alkanols are corrected for the contribution of the trimethyl-
silyl group from derivatisation. GC-irm-MS and EA-irm-MS analyses were run
in duplicate or triplicate with standard deviations better than 0.5%.. Isotopic
ratios are expressed as 5°C values in per mil relative to the V-PDB standard.
The 8C ratios are expressed as single weighted mean averages for the odd
carbon numbered n-C,s to n-Css alkanes (613CWMA25-35) as well as for the
even carbon numbered n-C,, to n-Cz4 alkanols (613CWMA24-34) in order to en-
compass the variability of data for individual homologues. Biosynthetic stable
carbon isotope fractionation between bulk plant material and individual lipids

(epm) Was calculated using following equation (Chikaraishi et al., 2004):

epm = 1000[(8**Cywma+1000)/(8**Cpp+1000)-1]

2.4 Results

2.4.1 Content and carbon number distribution of long chain n-alkanes
The total content of odd carbon numbered n-C,s5 to n-Css alkanes (TCOCs5.35)
of all samples varies significantly between 7.4 pg g™ DM and 2770 pug g™ DM
(Fig. 2.2). Lipids in the aliphatic/alicyclic hydrocarbon fractions are dominated
by homologous series of n-alkanes mainly in the carbon number range of 25
to 35. Shorter and longer chain n-alkanes were detected only in small quanti-
ties. A distinct odd/even predominance leads to high CPl,s.35 values (carbon
preference index for n-C,s to n-Cg3s alkanes; modified after Bray and Evans,
1961) ranging from 3.3 to 30 (Fig. 2.2). The overall chain length distribution,
best expressed by the average chain length parameter in the odd carbon
number range from 25 to 35 (ACLys.35; Poynter et al., 1989) ranges from
27.08 to 31.91. In our data set the distribution of n-alkanes of most plants
maximises either at the n-C,9 or the n-C3; homologue. Other maxima were
observed for six samples of savanna trees (n-C,7 alkane), whereas three sa-

vanna herbs exhibit a maximum at the n-Cs3 alkane (cf. Table 2.2).
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2. Characteristics of C3 rain forest and C3 savanna plant wax lipids

Averaged n-alkane distribution patterns of all plants are shown in
Fig. 2.3. Histograms are separately presented for several growth forms within
the different vegetation zones. Averaged histogram representations for sam-
ples of trees, shrubs and lianas from the rain forest show similarly narrow
patterns with abundant n-C,9 and n-Cs; alkanes. Other individual alkanes
contribute less than 10% to the compound class. The histograms maximise
at the n-Cy9 alkane and in the shrubs the n-C3; alkane is slightly more abun-
dant than in the other two plant types (Fig. 2.3a-c).

Averaged leaf wax n-alkane distribution patterns of savanna plants
(Fig. 2.3d-f) exhibit a wider carbon number range and a more bell shaped
distribution of odd carbon number n-alkanes compared to the rain forest spe-
cies. The main n-alkanes of savanna plant leaf waxes have carbon numbers
from 27 to 33, and the maximum always occurs at the C3; homologue. The
abundance of n-Cys to n-Cy9 alkanes decreases from trees over shrubs to
herbs, whereas the abundance of the n-Cs; (for shrubs) and n-Cs; alkanes
(for herbs) increases. This is numerically expressed by ACLs.25 values in-
creasing from 29.54 to 30.47.
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Fig. 2.2 Variation of Carbon Preference Index (CPI) and lipid abundance for
n-alkanes (black) and n-alkan-1-ols (grey).
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Table 2.2 n-Alkane data of C; plants studied: Analysed subspecies arranged according to growth form and habitat; individual
n-alkane content in ug g* dry matter (DM), TCOCs.35, CPl25.35 and ACL.s.35 values. Boldface values: Distribution pattern maxima.

8¢

Habitat and growth form n-Alkane content (ug g™ DM)

Analysed subspecies 24 25 26 27 28 29 30 31 32 33 34 35 36 TCOCzs3s CPlasas  ACLgsss
Rainforest lianas

Combretum conchipetalum 8.2 8.8 5.0 254 131 810 23.1 135 2.3 5.6 n.d. 1.1 n.d. 986 22.6 29.22
Combretum racemosum 4.3 33 nd. 4.1 n.d. 156 7.6 106 2.4 8.5 n.d. n.d. n.d. 278 27.7 29.81
Cuervea macrophylla 2.1 2.6 1.5 2.8 1.2 88.6 6.4 931 2.3 6.0 n.d. n.d. n.d. 193 17.0 30.00
Landolphia mannii 3.7 6.8 3.3 31.2 6.2 237 6.3 975 20 129 1.2 3.4 1.6 389 20.1 29.46
Paullinia pinnata 3.8 5.8 3.8 17.2 7.7 427 237 380 111 137 n.d. n.d. n.d. 844 18.2 29.90
Psychotria ealensis 4.4 4.7 2.0 15.2 7.4 453  15.4 103 1.9 4.3 n.d. n.d. n.d. 581 21.7 29.30
Rainforest shrubs

Coffea sp. 10.1 157 13.0 12.5 8.1 484 259 317 6.0 338 1.5 133 1.3 876 15.8 29.87
Combretum erosum 2.5 3.6 1.9 21.6 35 100 1.6 185 2.3 n.d. n.d. n.d. n.d. 143 15.3 28.86
Combretum indicum 7.4 55 5.3 36.7 149 1091 316 779 187 96.0 1.2 2.3 n.d. 2010 28.0 29.93
Combretum indicum 9.9 5.5 2.8 4.2 2.3 373 245 1019 217 122 0.6 2.6 n.d. 1526 29.3 30.65
Combretum indicum 30.1 286 256 22.0 153 202 265 538 209 619 1.3 1.2 0.3 854 9.4 30.37
Combretum molle 6.6 6.1 3.6 19.3 3.7 414 34 235 99 129 1.2 1.0 n.d. 104 4.6 29.40
Englerina gabonensis 6.9 7.3 4.2 794 949 1933 579 308 n.d. n.d. n.d. n.d. n.d. 2328 14.8 29.18
Ficus natalensis subsp. Leprieurii 3.9 55 1.6 25.6 121 611  26.7 125 25 2.4 n.d. n.d. n.d. 769 17.9 29.24
Ficus thonningii 6.3 8.2 8.7 11.4 6.8 844 6.9 633 4.0 7.9 n.d. n.d. n.d. 175 6.5 29.59
Oxyanthus unilocularis 1.6 2.6 1.4 96 106 363 278 415 157 423 3.3 1.4 n.d. 834 14.1 30.17
Stipularia africana 1.2 5.7 0.7 9.2 0.9 19.5 1.3 31.2 1.7 9.0 n.d. n.d. n.d. 74.6 15.6 29.77
Rainforest trees

Berlinia confusa 7.5 7.9 36 1143 67.6 1907 535 201 6.1 109 1.4 1.4 1.0 2242 16.9 29.09
Cynometra mannii 27.7 129 4.8 13.4 5.7 343 75 29.2 n.d. 1.9 n.d. n.d. n.d. 401 21.8 28.97
Ficus ottoniifolia 4.3 4.3 2.4 11.0 3.8 124 54 762 3.2 6.5 0.2 0.1 n.d. 222 14.8 29.63
Oncoba spinosa n.d. n.d. n.d. n.d. n.d. 97.6 9.0 223 12.6 27.5 n.d. n.d. n.d. 348 16.1 30.60
Psychotria djumaensis 2.3 2.7 1.1 16.3 6.8 359 74 532 0.8 1.7 n.d. n.d. n.d. 432 26.7 29.16
Treculia africana 3.7 6.7 4.4 18.7 7.6 173 14.7 99.7 7.8 11.2 n.d. n.d. n.d. 309 8.9 29.58
Uapaca guineensis 2.8 3.1 1.6 2.3 1.9 75.9 14.6 141 9.4 32.6 1.6 2.0 n.d. 256 8.7 30.58
Savanna herbs

Abutilon graveolens 48 119 3.2 20.4 8.5 46.4 7.1 42.2 4.4 13.8 0.9 1.4 0.5 136 5.3 29.44
Achyrantes aspera 6.6 8.8 5.6 10.1 95 249 124 474  20.7 100.0 6.3 5.2 0.6 196 35 31.40
Digeria muricata 48 16.2 35 26.0 46 451 9.3 116.0 53 196 0.4 0.4 0.2 223 9.3 29.88
Heliotropium sp. 36 134 2.4 15.1 49 519 55 36.6 31 323 0.8 21 0.8 151 8.6 29.87
Ipomoea cordofana 2.6 9.7 1.7 13.9 25 211 39 904 122 130.0 48 192 0.6 284 10.8 31.64
Ocimum basilicum 45 16.4 55 44.3 77 793 168 1351 316 1916 17.1  26.2 1.4 493 6.0 31.11
Vigna sp. 3.4 4.0 1.9 14.3 29 303 24 839 77 627 0.7 1.1 n.d. 196 12.4 30.94

Xanthium brasilicum 2.4 4.3 2.3 33.6 8.9 70.5 9.2 51.6 4.4 13.5 0.9 15 0.7 175 6.7 29.47
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Table 2.2 (continued)

Habitat and growth form

n-Alkane content (ug g™ DM)

Analysed subspecies 24 25 26 27 28 29 30 31 32 33 34 35 36 TCOCzs35 CPlasas  ACLzsss
Savanna shrubs

Acacia mellifera 0.9 5.0 3.6 49.2 9.7 50.0 5.7 160 112 203 n.d. n.d. n.d. 285 9.3 29.99
Acacia nebrownii 0.4 1.6 0.6 6.5 1.3 7.9 0.6 6.3 0.6 2.6 0.1 0.2 n.d. 25.0 7.2 29.19
Catophractes alexandri 38 177 57 1428 18.9 671 75.3 1505 829 428 5.4 5.0 n.d. 2770 14.7 30.59
Crassocephalum mannii 0.9 5.3 1.7 21.2 29 338 9.6 167 86 325 0.9 3.4 0.7 263 10.9 30.60
Dichrostachis cinera n.d. 6.5 0.8 11.1 1.4 288 1.9 689 36 204 n.d. 1.0 n.d. 137 17.4 30.30
Grewia flavescens nd. 102 1.2 51.0 21.2 1494 50.3 1145 184 555 n.d. n.d. n.d. 2755 30.2 29.86
Grewia flavescens 1.9 1.9 9.7 22.3 7.4 435 327 598 243 47.0 15 4.1 0.8 1108 14.6 30.22
Gymnosporia buxifolia 1.8 3.4 3.0 22.1 6.0 465 9.2 112 106  34.9 2.2 2.0 n.d. 221 7.0 30.44
Salvadora persica 0.2 0.6 1.2 4.4 1.9 7.4 39 143 1.6 1.9 0.2 0.3 0.2 29.1 3.3 29.92
Savanna trees

Acacia erioloba 1.4 8.3 9.8 39.2 13.9 47.4 3.3 12.1 1.5 4.3 n.d. n.d. n.d. 111 3.8 28.37
Acacia karroo 0.6 30.2 2.3 15.8 2.1 42.0 1.2 11.9 0.2 0.6 n.d. 0.1 n.d. 101 14.7 27.75
Acacia kirkii n.d. 4.7 3.3 13.7 9.1 475 4.7 176 103 598 n.d. n.d. n.d. 301 10.9 30.81
Acacia luederitzii 1.1 7.6 4.7 16.5 6.0 80.1 2.8 28.9 0.8 3.4 n.d. n.d. n.d. 137 9.3 29.06
Acacia mellifera 3.0 109 6.2 62.8 115  40.0 58 53.1 53 158 n.d. n.d. n.d. 183 6.1 29.00
Acacia senegal 2.1 5.8 3.8 214 138 708 6.9 423 3.7 101 0.3 0.5 0.6 151 5.2 29.41
Adansonia digitata 2.2 8.8 7.5 839 348 154 395 325 6.7 153 6.2 8.0 1.0 732 7.6 30.51
Albizia anthelmintica 0.9 4.4 3.3 12.0 8.3 129 3.2 7.0 0.2 n.d. n.d. n.d. n.d. 153 10.1 28.82
Balanites aegyptiaca 2.2 4.0 3.4 15.0 4.1 12.7 2.5 6.5 1.0 1.6 0.2 0.2 0.7 39.9 3.4 28.36
Boscia albitrunca n.d. 4.4 n.d. 24.9 1.9 5.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 35.1 17.3 27.08
Boscia foetida 1.1 1.6 15 233 147 132 158 975 56 128 0.5 1.9 n.d. 269 7.0 29.76
Burkea africana n.d. 36 n.d. 38.1 44 721 123 765 711 742 153 100.2 3.6 1721 16.2 31.91
Colophospermum mopane 6.1 194 102 342 129 327 166 242 352 193 2.9 2.0 n.d. 523 6.6 31.14
Colophospermum mopane 0.7 3.8 1.0 6.6 1.0 5.5 1.4  28.0 76 239 0.8 1.7 n.d. 69.4 5.7 30.92
Combretum apiculatum 0.6 2.2 0.5 6.9 0.8 9.5 1.2 39.2 32 150 0.2 0.2 n.d. 72.9 11.9 30.61
Combretum imberbe 1.1 7.6 2.9 14.8 38 251 2.8 75 1.0 1.3 0.3 0.2 n.d. 56.4 4.8 28.31
Commiphora glaucescens 2.3 109 5.0 33.2 6.2 509 8.2 182 9.0 703 1.6 8.4 0.9 355 11.5 30.65
Commiphora merkeri n.d. 3.0 0.5 5.8 1.7 119 25 204 2.8 5.9 n.d. 0.5 n.d. 475 6.1 29.92
Euclea pseudebenus 1.2 4.6 2.2 10.2 22 410 27.0 1052 167 798  14.0 35 0.1 1909 9.0 31.76
Faidherbia albida 0.3 0.8 0.6 4.2 0.4 1.8 0.1 0.5 n.d. 0.2 n.d. n.d. n.d. 7.4 6.1 27.71
Leucaena leucocephala 0.9 8.6 1.9 13.6 33 339 21 17.2 1.0 2.1 0.4 n.d. n.d. 75.4 8.2 28.75
Morus alba 0.6 4.8 15 225 29  46.0 6.3 166 91 659 0.5 0.4 0.2 305 14.9 30.75
Sclerocarya birrea subsp. Caffra 40 136 76 2171 2438 484 159 377 82 944 15 8.8 0.8 1196 20.4 29.58
Sesbania sesban 1.4 163 1.7 18.2 29 168 2.3 7.7 1.2 3.6 0.2 0.3 0.1 62.8 6.5 27.88
Tamarix usneoides 0.4 1.7 0.6 7.4 1.1 26.0 27 694 1.6 35 0.1 n.d. n.d. 108 17.6 30.22
Terminalia prunioides 0.7 6.7 2.2 34.5 51 143 7.2 67.5 2.8 55 0.2 0.4 n.d. 258 14.5 29.25
Ziziphus mucronata 0.9 2.4 0.9 17.3 1.2 8.7 0.5 8.5 0.7 2.9 n.d. 1.7 n.d. 415 12.0 28.87
Ziziphus spina-christi 1.4 6.6 2.6 13.1 3.4 129 27 136 33 117 1.0 2.3 0.2 60.2 4.3 29.58
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Content of lipid in % of compound class

2. Characteristics of C3 rain forest and C3 savanna plant wax lipids
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Carbon number

Fig. 2.3 Averaged histogram representation of leaf wax n-alkanes of samples
from a) rain forest lianas, b) rain forest shrubs, c) rain forest trees, d) sa-
vanna herbs, e) savanna shrubs, and f) savanna trees. Displayed are n-Cyy
to n-C3e alkanes (in % of compound class, left Y-axis; black bars), overlain by
averaged molecular stable carbon isotope data (o; 8**C in %o versus V-PDB,
right Y-axis). The diagrams are individually normalised to the most abundant
homologue. ACL: Mean average chain length n-alkanes (n-Cys to n-Cgs;
ACLys35) including the standard deviation (in brackets). 8™ Cwwa: Mean
weighted mean average of carbon isotopic values of odd-carbon-numbered
n-Cos to n-Czs alkanes (813CWMA25-35) including the standard deviation (in
brackets); n.: Number of species used for averaging of content data;
ns: Number of species used for averaging of isotopic data. Data of graphical
presentations is compiled in Table 7.1.
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2. Characteristics of C3 rain forest and C3 savanna plant wax lipids

2.4.2 Content and carbon number distribution of long chain
n-alkan-1-ols

Free wax n-alkan-1-ols exhibit a pronounced even/odd carbon number pre-
dominance of long chain components, which mainly comprise the n-Cy4 to
n-Cs4 homologues. Shorter and longer chain n-alkanols are present in small
guantities. The predominance of even carbon number homologues leads to
high CPly4.34 values in the range of 3.3 to 56 (carbon preference index for
n-C,4 to n-Cs4 alkanols; Fig. 2.2, Table 2.3). The total content of even carbon
numbered n-alkanols (TCECy4.34) Vvaries significantly from 6.4 to
1340 pg g DM (Fig. 2.2) plants of this study are dominated by the n-Cs or
n-C,g alkanol. Other maxima were only observed for three rain forest species
(n-Cgs; alkanol) as well as five savanna plants and one rain forest tree, which
exhibit the n-C,s homologue as most abundant alkan-1-ol.

Averaged n-alkanol distribution patterns for rain forest and savanna
plants are shown in Fig. 2.4. For plants of both vegetation zones bell shaped
distributions of even carbon numbered homologues were observed. The dis-
tribution patterns of rain forest plant n-alkanols centre at the n-Czy homo-
logue for lianas, shrubs and trees. The amount of n-C,g alkanol decreases
from trees over lianas to shrubs whereas the abundance of the n-Cs, alkanol
increases. This is numerically expressed by ACL24.34 Values increasing from
29.48 t0 29.72 (Fig. 2.4a-c).

Distribution patterns of savanna plants maximise at the n-Cyg alkanol.
Savanna herbs exhibit the n-C,s alkanol as the second most abundant homo-
logue, whereas the n-Czg alkanol is more common in shrubs and almost as

abundant as the major homologue in trees (Fig. 2.4d-f).
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Table 2.3 n-Alkan-1-ol data of C3 plants studied: Analysed subspecies arranged according to growth form and habitat; individual
n-alkanol content in pg g* dry matter (DM), TCEC4.34, CPl24.32 and ACL 244 values. Boldface values: Distribution pattern maxima.

A%

Habitat and growth form n-Alkanol content (ug g™ DM)

Analysed subspecies 23 24 25 26 27 28 29 30 31 32 33 34 35 TCECzs34  CPlasas  ACLoszs
Rainforest lianas

Combretum conchipetalum 0.2 0.9 0.1 1.8 0.1 7.1 1.3 389 0.8 9.9 n.d. 1.9 n.d. 60.5 25.6 30.01
Combretum racemosum n.d. 0.4  n.d. 1.7 0.1 6.1 0.5 5.7 0.3 2.6 0.1 0.6 n.d. 17.1 15.8 29.18
Cuervea macrophylla 0.1 0.4 n.d. 0.6 0.0 0.7 0.1 1.0 0.2 2.0 0.3 1.6 0.1 6.4 7.5 30.59
Landolphia mannii 0.1 0.3 0.1 2.7 0.1 3.0 0.3 1.9 0.1 1.0 0.1 05 n.d. 9.4 13.6 28.44
Paullinia pinnata 22 175 0.4 4.3 06 11.7 6.2 404 7.0 489 3.4 4.5 n.d. 127 6.6 29.77
Psychotria ealensis 0.1 0.3 0.1 0.4 0.2 2.9 1.2 9.9 0.5 2.4 0.1 0.6 n.d. 16.4 7.8 29.87
Rainforest shrubs

Coffea sp. 05 16.9 1.1 3.0 06 397 155 792 71 383 0.8 9.4 0.1 899 35.2 29.91
Combretum erosum 03 229 1.6 81.0 5.0 135 6.4 109 23  66.2 1.2 322 0.1 447 25.5 28.95
Combretum indicum n.d. 0.2 n.d. 1.4 0.1 3.6 0.7 35 0.3 3.8 0.2 2.1 n.d. 14.6 9.6 30.16
Combretum indicum 0.1 1.5 0.2 2.8 0.5 8.9 1.0 23.2 0.6 12.7 n.d. 25 n.d. 51.5 21.7 29.95
Combretum indicum 0.2 1.4 0.3 3.4 0.6 7.9 1.9 134 n.d. 7.4 n.d. 2.9 n.d. 36.4 12.1 29.68
Combretum molle 0.4 6.4 24 472 6.5 504 6.1 355 1.9 159 1.4 6.0 0.1 161 8.5 28.31
Englerina gabonensis 0.2 5.9 0.9 35.1 1.5 17.7 2.3 15.4 0.5 10.4 n.d. n.d. n.d. 84.6 15.6 27.75
Ficus natalensis subsp. Leprieurii 09 222 1.4 289 2.4 49 216 274  30.6 252 113 357 n.d. 618 8.7 30.63
Ficus thonningii 0.1 1.2 0.2 3.2 1.4 322 3.7 851 46 835 43 464 0.5 251 16.1 31.07
Oxyanthus unilocularis 0.1 1.2 0.1 1.1 0.3 7.9 32 651 34 409 1.5 186 0.2 135 14.8 30.96
Stipularia africana 0.1 2.0 0.2 1.3 0.1 4.8 0.5 7.9 0.3 5.7 0.1 1.5 n.d. 23.1 16.2 29.60
Rainforest trees

Berlinia confusa 0.1 0.8 0.2 31 0.7 6.7 2.0 6.4 0.3 1.8 0.2 1.2 0.1 20.1 5.7 28.90
Cynometra mannii 0.1 2.6 05 138 0.2 2.2 1.0 157 0.4 35 n.d. 0.3 n.d. 38.2 17.2 28.25
Ficus ottoniifolia 0.1 0.9 0.2 2.0 0.3 6.0 2.6 31.0 0.2 1.9 n.d. n.d. n.d. 41.7 12.5 29.49
Oncoba spinosa n.d. n.d. n.d. 1.0 n.d. 7.0 0.1 7.7 0.2 12.5 0.5 5.7 n.d. 34.0 38.8 30.88
Psychotria djumaensis n.d. 0.3 n.d. 0.4 0.2 2.9 1.2 9.5 0.5 3.1 0.1 0.7 n.d. 16.9 7.5 29.97
Treculia africana 0.1 1.4 0.1 3.8 0.3 4.7 1.0 4.3 0.8 4.6 0.5 2.2 n.d. 20.9 7.2 29.28
Uapaca guineensis 0.1 1.6 0.8 7.1 0.5 7.5 1.4 4.6 1.8 7.1 1.6 6.2 0.2 34.0 4.9 29.58
Savanna herbs

Abutilon graveolens 0.2 4.4 1.5 333 24 333 1.8 246 1.3 7.3 n.d. n.d. n.d. 103 14.6 27.94
Achyrantes aspera 29 113 2.0 289 9.5 107 nd. 152 n.d. n.d. n.d. n.d. n.d. 162 13.7 27.55
Digeria muricata 03 112 1.2 280 1.7 343 22 204 n.d. 2.7 n.d. n.d. n.d. 96.6 17.8 27.49
Heliotropium sp. nd. 19.1 6.8 163 186 124 35 18.0 1.0 5.1 n.d. n.d. n.d. 330 10.7 26.95
Ipomoea cordofana 0.1 1.8 0.4 6.3 06 162 20 213 23 105 0.5 3.9 0.2 59.9 10.0 29.47
Ocimum basilicum 0.2 0.4 0.2 1.7 1.4 9.4 1.7 3.6 1.9 2.3 0.1 0.7 n.d. 18.1 3.3 28.86
Vigna sp. 0.9 0.9 0.2 5.6 20 766 59 258 nd. 18.0 0.8 5.6 0.4 133 14.4 29.07

Xanthium brasilicum 7.2 4.5 2.3 17.6 3.2 22.8 4.5 25.6 n.d. 4.0 n.d. n.d. n.d. 74.5 7.2 28.19
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Table 2.3 (continued)

Habitat and growth form n-Alkanol content (ug g™ DM)

Analysed subspecies 23 24 25 26 27 28 29 30 31 32 33 34 35 TCECzs3s  CPlasas  ACLoszs
Savanna shrubs

Acacia mellifera n.d. 9.5 1.3 720 100 394 19.0 239 8.8 45.0 2.4 3.7 n.d. 763.2 18.2 28.65
Acacia nebrownii n.d. n.d. 38 208 60 728 136 521 6.0 8.5 n.d. n.d. n.d. 269.5 5.2 28.63
Catophractes alexandri 0.1 5.2 1.7 4.6 2.1 9.6 n.d. 1.4 n.d. n.d. n.d. n.d. n.d. 20.8 4.8 26.69
Crassocephalum mannii 0.3 1.3 0.2 239 3.0 989 1.8 148 n.d. n.d. n.d. n.d. n.d. 142.5 28.3 27.94
Dichrostachis cinera 116 233 n.d. 117 7.3 332 6.7 291 nd. 306 n.d. n.d. n.d. 794.0 55.6 28.47
Grewia flavescens 0.4 2.4 06 17.1 28 524 7.3 495 102 26.1 3.8 8.0 n.d. 155.3 6.1 29.34
Grewia flavescens 0.7 4.4 1.0 30.0 50 71.0 55 44.0 89 36.0 39 100 0.5 195.4 7.7 29.10
Gymnosporia buxifolia 0.7 1.4 0.5 4.7 44 512 7.2 299 nd. 154 n.d. n.d. n.d. 102.5 8.5 29.04
Salvadora persica 0.5 2.4 1.4 171 75 787 8.8 14.0 6.8 15.9 2.1 5.2 0.9 133.3 4.9 28.59
Savanna trees

Acacia erioloba 0.3 1.1 0.6 5.1 36 50.1 47 584 3.4 5.9 0.9 2.8 n.d. 123 9.2 29.16
Acacia karroo n.d. 1.8 0.6 37.0 11.0 461 28.0 832 2.4 8.8 n.d. n.d. n.d. 1341 31.9 29.21
Acacia kirkii n.d. 3.3 09 208 7.0 153 6.3 116 3.8 206 n.d. n.d. n.d. 314 17.3 28.83
Acacia luederitzii 0.7 1.0 nd. 9.7 4.0 167 130 210 2.5 8.2 n.d. n.d. n.d. 396 20.3 29.08
Acacia mellifera 2.3 1.4 0.3 106 5.8 264 6.6 113 2.6 6.1 n.d. n.d. n.d. 395 25.8 28.56
Acacia senegal 0.2 1.2 0.3 6.5 1.2 542 4.1 103 n.d. 1.7 n.d. n.d. n.d. 166 29.4 29.17
Adansonia digitata 2.1 9.5 90 356 17.0 264.3 7.0 564 49 397 n.d. n.d. n.d. 913 23.9 29.29
Albizia anthelmintica 1.5 128 84 155 nd. 240 nd. 121 n.d. n.d. n.d. n.d. n.d. 64.5 6.9 27.10
Balanites aegyptiaca 0.4 0.8 0.3 5.0 2.7 106 7.3 55.9 4.2 10.6 0.3 2.0 n.d. 180 12.1 28.85
Boscia albitrunca 0.8 4.4 1.2 40.0 11.0 426 31.0 149 11.0 33.0 1.8 1.7 n.d. 654 11.6 28.52
Boscia foetida 0.4 1.0 0.3 35 35 850 220 100 58 18.0 1.9 4.6 n.d. 212 6.2 29.36
Burkea africana n.d. 6.3 1.1 107 21 293 6.8 179 n.d. n.d. n.d. n.d. n.d. 64.1 6.1 27.83
Colophospermum mopane 07 324 48 469 50 17.6 1.3 5.3 2.8 7.2 2.7 4.4 0.4 114 5.8 26.61
Colophospermum mopane 2.2 38.2 15.3 99.3 7.3 23.6 7.5 3.1 n.d. n.d. n.d. n.d. n.d. 164 4.8 25.90
Combretum apiculatum 0.2 136 31 530 58 775 71 431 43 438 115 304 nd. 261 75 29.08
Combretum imberbe 0.2 1.4 04 103 21 227 38 36.6 n.d. 5.8 n.d. n.d. n.d. 76.9 121 28.91
Commiphora glaucescens 1.9 925 223 124 205 62.6 3.1 116 n.d. n.d. n.d. n.d. n.d. 290 5.3 25.95
Commiphora merkeri nd. 51.6 3.3 119 6.3 158 0.2 66.7 0.3 0.9 n.d. n.d. n.d. 396 36.8 27.22
Euclea pseudebenus 0.8 408 112 388 55  60.0 81 209 75 123 n.d. n.d. n.d. 173 4.7 27.13
Faidherbia albida 13.7 nd. 226 188 31.9 649 4.1 185 n.d. n.d. n.d. n.d. n.d. 853 14.6 28.39
Leucaena leucocephala 0.3 1.0 0.2 4.9 1.5 69.0 7.9 183 05 91.0 1.3 184 0.2 367 31.4 30.25
Morus alba n.d. 3.3 0.8 19.0 24 285 15 147 n.d. n.d. n.d. n.d. n.d. 65.6 13.7 27.67
Sclerocarya birrea subsp. Caffra 0.2 1.2 0.4 3.6 1.3 214 52 293 47 140 1.8 5.2 0.6 74.7 5.4 29.79
Sesbania sesban 05 1.1 0.3 8.9 4.1 122 105 163 0.4 846 1.2 197 n.d. 399 23.6 29.91
Tamarix usneoides n.d. 17.9 2.1 68.2 3.9 348 138 139 35 280 n.d. n.d. n.d. 601 25.5 28.30
Terminalia prunioides 0.7 1.8 0.4 4.4 0.8 407 8.0 228 48 282 1.7 5.2 n.d. 309 195 29.89
Ziziphus mucronata 0.8 8.7 0.8 350 7.5 295 7.8 55.0 2.4 186 1.3 46 n.d. 417 20.7 28.26
Ziziphus spina-christi n.d. 4.2 1.9 110 190 212 160 57.0 95 320 41 110 0.7 426 8.3 28.17
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2. Characteristics of C3 rain forest and C3 savanna plant wax lipids
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Fig. 2.4 Averaged histogram representation of leaf wax n-alkan-1-ols of
samples from a) rain forest lianas, b) rain forest shrubs, c) rain forest trees,
d) savanna herbs, e) savanna shrubs, and f) savanna trees. Displayed are
n-C,3 to n-Css alkan-1-ols (in % of compound class, left Y-axis; black bars),
overlain by averaged molecular stable carbon isotope data (o; 5*3C in %o ver-
sus V-PDB, right Y-axis). The diagrams are individually normalised to the
most abundant homologue. ACL: Mean average chain length of n-alkanols
(n-Cy4 to Nn-Cz4; ACL2s34) including the standard deviation (in brackets).
8Cwma: Mean weighted mean average of carbon isotopic values of even-
carbon-numbered n-Cos to n-Css alkanols (8*3Cwwmazass) including the stan-
dard deviation (in brackets); n.. Number of species used for averaging of
content data; ns: Number of species used for averaging of isotopic data; n.d.:
Not determined. Data of graphical presentations is compiled in Table 7.2.
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2. Characteristics of C3 rain forest and C3 savanna plant wax lipids

2.4.3 Stable carbon isotopic composition of plant material and
individual lipids
Stable carbon isotopic compositions of whole plant material (8*Cppy) vary
from -24%o to -36%o. (Table 2.4). Rain forest species exhibit the most negative
values, and for plants of this vegetation zone a trend of averaged &**Cpy val-
ues from lianas (-29.1%o) and shrubs (-29.3%o) to trees (-30.5%o) is evident.
But apart from one exceptionally negative value (-36.0%o for Ficus ottoniifolia)
all 5'%Cpy ratios for rain forest species roughly span the same range
(Fig. 2.5a, triangles). For savanna species averaged 3**Cpy ratios for trees
(-26.9%0) and shrubs (-27.1%o) are virtually congruent, whereas herbs (aver-
age -27.6%0) have slightly more negative values (Fig. 2.5a, circles). The
highest 5'Cpy value of -24.0%o. was observed for the savanna tree Tamarix
usneoides. Even though the ranges of §3Cpy values overlap, a trend to more
negative values from savanna to rain forest species is obvious.

The weighted mean average of $13C values for the n-Cps to n-Cgs al-
kanes (8"*Cwwmazs.35) range from -28%o to -45%o, whereas individual homo-
logues from the same plant in some cases vary up to 4.7%o. (Table 2.4). The

fractionation between bulk plant material and 8 *Cwwmazs.35 values (epy) is

A Rainforest lianas AAM AA a) Plant material
Rainforest forest shrubs
A Rainforest trees A A MA A A
o Savanna herbs c0 o ao
Savanna shrubs
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Fig. 2.5 Stable carbon isotopic composition of a) plant material, b) weighted
mean average of n-Cys to n-Css alkanes, and c) weighted mean average of
n-C,4 to Nn-Cz4 alkanols in %o versus V-PDB. Triangles: C3 rain forest plants.
Circles: C3 savanna plants.

45




2. Characteristics of C3 rain forest and C3 savanna plant wax lipids

7.2+ 2.2%o on average (Table 2.4). Rain forest plants show §"Cymazs-35 ratios
from -32%o to -45%o0 which centre at -37.1 + 2.8%.. The trend to more negative
values of 8"*Cpy observed for rain forest trees has a correspondence in the
83 Cwwmazs-35 ratios (Fig. 2.3a-c), but most rain forest plant §**Cymazs.3s values
span the same range (Fig. 2.5b, triangles). Only two rain forest species (Fi-
cus ottoniifolia, Englerina gabonensis) exhibit values lower than -40%o.

For savanna plants molecular *Cwwazs.3s values vary between -27%o
and -38%o and centre at -33.8 £ 2.3%0. The presentation of individual values
(Fig. 2.5b, circles) shows similar ranges for savanna trees and shrubs with a
narrower range for shrubs. Only one savanna tree (Tamarix usneoides) ex-
hibits a "3 Cwwmazs.35 ratio higher than -30%o. Like the 8**Cpy values for sa-
vanna plants also individual values and averaged ratios for n-alkanes pre-
sented in Fig. 2.3d-f exhibit more negative values for herbs. The observed
trend to more negative values of 8**Cpy from savanna to rain forest species
is also evident for the carbon isotopic composition of n-alkanes.

Due to small abundances and coelution molecular carbon isotopic data
for n-alkanols cannot be provided for all plants. The weighted mean average
of 8'3C values for the n-Ca, to n-Ca4 alkanols (5*Cwwmaza-34) range from -28%o
to -40%o, whereas values of individual homologues from the same plant wax
vary by up to 5.2%. (Table 2.4). The fractionation between bulk plant material
and 8"*Cwwmaza.34 values (epy) is 6.3 + 2.6%o on average (Table 2.4).

Rain forest plants exhibit 8"*Cwwmaza-34 ratios from -30%o to -37%. which
centre at -34.1 + 1.6%o. whereas molecular §*Cywmazs.34 values of savanna
plants range from -28%o to -40%o centring at -33.7 + 2.1%o. Like for 8**Cpy,
and 8Cwwmazs.3s values the individual (Fig. 2.5c, circles) and averaged
n-alkanol carbon isotopic ratios (Fig. 2.4d-e) of savanna plants exhibit a trend
to more negative values from savanna trees and shrubs to herbs. Possibly,
due to the small data set for rain forest species the observed general ten-
dency for §°Cpm and 8*Cwwmazs.3s to more negative values in rain forest spe-
cies is not visible in the carbon isotopic composition of the corresponding

n-alkanols.
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Table 2.4 Isotopic data of C3 plants studied: Analysed subspecies arranged according to growth form and habitat; stable carbon
isotopic composition of analysed plant material and molecular stable carbon isotopic composition of n-alkanes and n-alkanols.

VA%

Habitat and growth form 8"°Cpu 3'°C of n-alkanes (%o vs. V-PDB) 3"°C of n-alkanols (%o vs. V-PDB)

Analysed subspecies (%ovs.V-PDB) 25 27 29 31 33 35 5°Cwwamss Em 24 26 28 30 32 34  §"Cwmarsas  Epwm
Rainforest lianas

Combretum conchipetalum -29.2 nd. nd -37.3 -362 nd nd -37.2 8.2 nd. nd. nd nd nd nd n.d. n.d.
Combretum racemosum -29.7 nd. nd -387 -38.1 nd. nd -38.5 9.1 nd. nd. nd nd nd nd n.d. n.d.
Cuervea macrophylla -28.5 nd. nd. -382 -387 nd. nd. -38.5 10.3 nd. nd. nd nd nd nd n.d. n.d.
Landolphia mannii -28.1 nd. nd. nd nd -349 nd. -34.9 7.1 nd. nd. nd nd nd nd n.d. n.d.
Paullinia pinnata -30.0 nd. nd -39.7 -385 nd nd. -39.1 9.5 nd. nd. nd nd nd nd n.d. n.d.
Psychotria ealensis -29.0 nd. nd -355 -353 nd. nd. -35.5 6.7 nd. nd. nd nd nd nd n.d. n.d.
Rainforest shrubs

Coffea sp. -29.9 nd. nd -351 -346 nd. nd. -34.9 5.1 nd. nd. nd -344 nd nd -34.4 4.6
Combretum erosum -30.6 nd. -33.0 -32.3 -32.0 n.d. n.d. -32.4 1.9 nd. nd. -335 -325 -329 n.d. -33.0 2.5
Combretum indicum -26.3 nd. nd -356 -36.1 -37.0 n.d. -35.9 100 nd. nd. nd. nd nd nd n.d. n.d.
Combretum indicum -26.9 nd. nd. -356 -36.1 -340 n.d. -35.8 9.2 nd. nd. nd nd nd nd n.d. n.d.
Combretum indicum -27.8 nd. -345 -36.7 -365 nd. nd. -36.5 9.1 nd. nd. nd nd nd nd n.d. n.d.
Combretum molle -28.6 nd. -31.9 -34.3 -35.7 n.d. n.d. -34.2 5.8 nd. -33.5 -33.1 n.d. n.d. n.d. -33.3 4.9
Englerina gabonensis -31.2 nd. nd -422 nd. nd nd -42.2 115 nd. nd. nd. nd nd nd n.d. n.d.
Ficus natalensis subsp. Leprieurii -30.1 nd. nd -388 nd. nd nd. -38.7 8.9 nd. nd. nd nd nd nd n.d. n.d.
Ficus thonningii -30.9 nd. nd. -37.8 -37.9 -37.9 n.d. -37.8 72 -32.3 -324 -326 -33.4 -335 nd. -33.5 2.7
Oxyanthus unilocularis -29.3 nd. nd. -36.8 -37.0 -35.8 n.d. -36.8 7.8 nd. nd. nd nd nd nd n.d. n.d.
Stipularia africana -30.6 nd. nd -343 nd. nd nd. -34.3 3.9 nd. nd nd nd nd nd. n.d. n.d.
Rainforest trees

Berlinia confusa -27.3 nd. nd -347 nd. nd. nd -34.7 7.7 nd. nd. nd nd nd nd n.d. n.d.
Cynometra mannii -30.2 nd. nd. -39.1 nd nd nd -39.1 9.3 nd. nd. nd nd nd nd n.d. n.d.
Ficus ottoniifolia -36.0 nd.  nd -449 -459 nd. nd. -45.3 9.7 nd. nd -374 -36.7 nd nd -36.8 0.8
Oncoba spinosa -29.8 nd. nd -380 -384 nd. nd. -38.3 8.8 nd. nd. nd nd nd nd n.d. n.d.
Psychotria djumaensis -29.0 nd. nd -339 -331 nd nd -33.8 5.0 nd. nd. nd nd nd nd n.d. n.d.
Treculia africana -30.4 nd. nd -381 -394 nd. nd. -38.6 8.6 nd. nd. nd nd nd nd n.d. n.d.
Uapaca guineensis -31.1 nd. nd. -39.3 -38.6 -37.2 n.d. -38.6 7.8 nd. nd. nd nd nd nd n.d. n.d.
Savanna herbs

Abutilon graveolens -26.5 -32.2 -334 -336 -34.4 -335 nd. -33.7 7.5 nd. -36.4 -342 -31.8 nd. nd. -34.4 8.2
Achyrantes aspera -26.7 nd. nd -322 -342 -359 n.d. -34.9 8.5 nd. nd. nd nd nd nd n.d. n.d.
Digeria muricata -27.7 nd. -37.9 -36.9 -37.7 -37.6 n.d. -37.6 10.2 nd. -37.8 -37.5 n.d. n.d. n.d. -37.6 10.3
Heliotropium sp. -27.5 -32.6 -33.5 -36.0 -36.2 -36.2 n.d. -35.5 8.3 nd. -376 -399 nd. nd nd -38.6 11.5
Ipomoea cordofana -26.8 nd. -33.7 -346 -36.7 -37.1 n.d. -36.5 10.1 nd. nd. nd -355 nd. nd -35.5 9.0
Ocimum basilicum -29.3 nd. -30.3 -290.1 -31.8 -33.1 -28.2 -31.5 22 nd. -370 -37.7 -325 nd. nd. -36.3 7.3
Vigna sp. -28.7 nd. -36.2 -36.6 -39.4 -38.4 n.d. -38.4 10.1 nd. -38.0 -40.3 -37.1 nd. n.d. -39.4 11.1

Xanthium brasilicum -26.4 nd.  nd. -33.7 -34.8 -34.7 n.d. -34.2 8.0 nd. -331 -344 nd. nd. nd -33.9 7.7

spidi] xem juejd euueAes €9 pue 1Sa10j urel €D Jo sonsualoesey)d ‘g



8y

Table 2.4 (continued)

Habitat and growth form 8"°Cpu 3'°C of n-alkanes (%o vs. V-PDB) 3"°C of n-alkanols (%. vs. V-PDB)

Analysed subspecies (%ovs.V-PDB) 25 27 29 31 33 35 "Cwwamsss Eem 24 26 28 30 32 34 "Cwwazass  Epu
Savanna shrubs

Acacia mellifera -27.2 nd. -31.6 -32.6 -328 nd. nd. -32.5 5.5 nd. nd -313 -334 nd nd -32.1 5.0
Acacia nebrownii -24.9 nd. -30.6 -32.3 -339 nd. nd. -32.2 7.6 nd. nd. nd nd nd nd n.d. n.d.
Catophractes alexandri 271 nd. nd. -340 -346 nd. nd. -34.4 7.5 nd. nd. nd nd nd nd n.d. n.d.
Crassocephalum mannii -28.3 nd. nd. -33.8 -35.1 -346 n.d. -34.8 6.8 nd. nd. nd -357 -345 n.d. -35.5 7.4
Dichrostachis cinera -28.5 -31.6 -329 -33.8 -325 -31.6 n.d. -32.6 4.3 nd. nd. nd nd nd nd n.d. n.d.
Grewia flavescens -27.2 nd. nd -36.1 -354 nd nd. -35.8 8.9 nd. -345 -33.8 -351 -36.2 n.d. -34.8 7.8
Grewia flavescens -28.4 nd. nd. -357 -37.0 -355 n.d. -36.4 8.3 nd. -358 -35.9 -36.8 nd. nd -36.2 8.0
Gymnosporia buxifolia -25.4 nd. -353 -339 -33.1 -32.8 n.d. -33.5 8.3 nd. nd -340 nd. nd nd -34.0 8.9
Salvadora persica -27.2 -33.5 -34.3 -36.3 -355 -34.1 n.d. -35.4 8.5 nd. -345 -340 -33.8 -344 n.d. -34.1 7.2
Savanna trees

Acacia erioloba -29.1 -33.7 -34.4 -346 -36.3 -34.8 n.d. -34.7 5.8 nd. nd. -343 -321 nd. nd -33.1 4.2
Acacia karroo -27.7 -31.9 -323 -322 -33.7 nd. nd. -32.3 4.7 nd. nd -336 -31.9 nd nd -32.5 4.9
Acacia kirkii -28.0 nd. nd -355 -37.1 -37.1 nd. -36.8 9.1 nd. nd. nd -31.4 nd nd -31.4 3.5
Acacia luederitzii -27.4 -30.2 -31.4 -31.3 -30.1 -31.4 nd. -31.0 3.8 nd. nd -323 -31.2 -326 nd. -31.7 45
Acacia mellifera -26.2 -33.1 -326 -336 -33.0 nd nd. -33.0 7.0 nd. nd -332 -320 nd nd -32.8 6.9
Acacia senegal -27.1 nd. -345 -323 -349 -35.2 nd. -33.6 6.7 nd. nd. -33.8 -325 nd. nd -32.9 6.0
Adansonia digitata -27.0 nd. -353 -36.0 -36.0 -37.0 n.d. -36.2 9.5 nd. nd. -322 -28.7 nd. nd. -29.8 2.9
Albizia anthelmintica -27.3 -31.4 -33.0 -335 nd. nd nd. -33.4 6.3 nd. nd. nd -288 nd. nd. -28.8 1.5
Balanites aegyptiaca -26.3 nd. -30.8 -315 -31.8 nd. n.d. -31.2 5.1 nd. -33.1 -344 -342 nd. nd -34.3 8.3
Boscia albitrunca -26.8 nd. nd. nd nd nd nd n.d. n.d. nd. nd -279 -299 -30.6 n.d. -28.5 1.8
Boscia foetida -26.3 nd. nd -343 -309 -32.8 nd. -32.9 6.8 nd. nd -326 -326 nd nd. -32.6 6.5
Burkea africana -28.3 nd. nd. nd. -360 -36.0 nd. -36.0 8.0 nd. nd -31.6 nd. nd nd -31.6 3.4
Colophospermum mopane -24.2 nd. -29.3 -30.1 -30.6 -30.9 nd. -30.6 6.6 nd. -30.0 nd. nd. nd nd -30.0 6.0
Colophospermum mopane -28.3 nd. nd. -31.9 -323 -30.4 n.d. -31.5 33 -338 -324 -336 nd nd nd -33.1 4.9
Combretum apiculatum -25.2 nd. nd. nd -347 -348 nd. -34.7 9.9 -338 -33.2 -33.7 -335 -350 -36.2 -34.1 9.2
Combretum imberbe -26.0 -324 -289 -321 -33.1 nd nd. -31.4 5.6 nd. -329 -31.2 -32.4 -305 n.d. -31.9 6.2
Commiphora glaucescens -26.8 -30.6 -30.4 -30.9 -30.1 -30.1 -29.4 -30.2 3.6 nd. nd -319 -351 nd nd -32.4 5.8
Commiphora merkeri -28.4 nd. -36.0 -37.7 -37.7 -36.3 n.d. -37.3 9.2 -335 -33.2 -32.7 -33.3 nd. nd. -33.1 4.8
Euclea pseudebenus -24.6 nd. nd nd -31.0 -30.2 n.d. -30.6 6.2 -339 nd. nd nd nd nd -33.9 9.6
Faidherbia albida -27.7 nd. -332 -31.9 nd. nd nd -32.8 5.3 nd. nd. -356 nd. nd nd -35.6 8.2
Leucaena leucocephala -27.6 -33.3 -324 -369 -336 nd. nd. -34.9 75 nd. nd. -36.3 -36.6 -35.2 n.d. -36.2 8.8
Morus alba -28.0 nd. -355 -355 -37.4 -38.1 n.d. -37.2 9.5 n.d. nd. -30.0 -32.7 n.d. n.d. -30.9 3.0
Sclerocarya birrea subsp. Caffra -28.1 nd. -31.4 -31.7 -31.7 nd. nd. -31.6 3.7 nd. nd -354 -382 nd nd -37.0 9.3
Sesbania sesban -28.8 -32.9 -349 -36.3 -37.1 -33.5 nd. -34.9 6.3 nd. nd. nd -367 -33.2 -33.3 -35.3 6.7
Tamarix usneoides -24.0 nd. -289 -28.1 -274 nd. nd. -27.7 3.8 nd. nd. nd nd nd nd n.d. n.d.
Terminalia prunioides -25.7 nd. -31.8 -33.0 -36.2 nd. nd. -33.7 8.2 nd. nd -333 -31.7 -336 n.d. 321 6.6
Ziziphus mucronata -25.7 -29.7 -32.6 -29.9 -33.8 -344 nd. -32.6 7.1 nd. nd -329 -333 nd nd -33.0 7.5
Ziziphus spina-christi -26.8 -32.6 -323 -323 -350 -354 -355 -33.7 7.2 nd. -349 -350 -36.6 nd. n.d. -35.2 8.8
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2. Characteristics of C; rain forest and C3 savanna plant wax lipids

2.5 Discussion

2.5.1 Contents and distribution patterns of n-alkanes and n-alkan-1-ols
The total contents and carbon preference indices of wax n-alkanes and
n-alkan-1-ols from individual plant species do not reveal any systematic trend
related to growth form (herb, shrub, liana or tree) or habitat (rain forest, sa-
vanna; Fig. 2.2). Contents, carbon preference indices as well as distribution
pattern ranges and maxima are within the range of other studies (e.g., Dove
and Mayes, 1991; Maffei, 1996; Schwark et al., 2002; Ali et al., 2005; Jansen
et al., 2006; Rommerskirchen et al., 2006b). The absence of significant
amounts of shorter chain alkanes as well as the generally high CPI values
(above three) indicate that no significant contamination occurred during sam-
pling or storage. Contact with human skin lipids, animal fur or petrochemical
products would have contributed shorter chain homologues with low or no
predominance of the odd carbon numbers (Bortz et al., 1989).

Although in our data set there is no correlation between abundance of
n-alkanes and n-alkan-1-ols in plant waxes and their corresponding CPI ra-
tios (Fig. 2.2), low CPI values (<5) were only observed for plants containing
less 250 pg g* DM of a given compound class. This corroborates a state-
ment of Tulloch (1976) that even carbon number n-alkanes are sometimes
more common in waxes that contain only small amounts of hydrocarbons.
The abundance of minor amounts of even carbon number n-alkanes as well
as odd carbon number n-alkanols in plant waxes originates from variations in
the beginning of the biosynthesis. Instead of utilising a building block with two
carbon atoms a molecule with three carbon atoms is used for the synthesis of
fatty acids, which are the precursor molecules of n-alkanes and n-alkan-1-ols
(Shepherd, 2003). It is unknown why different building blocks are being used
at the beginning of the synthesis reactions (or why the extent differs in plants)
and thus lead to differences in CPI values.

In the rain forest plants the n-Cy4 to n-Cs4 alkanols are in most cases
less abundant than the n-Cys to n-C3s alkanes in the same species whereas
in most savanna plant waxes a similar abundance of the two compound
classes or a higher abundance of n-alkanols was observed (Tables 2.2 and

2.3). This may be related to the age of the leaves, because a decrease of the
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2. Characteristics of C; rain forest and C3 savanna plant wax lipids

amount of free n-alkanols during maturation of the plant was reported (Avato
et al., 1990; Bianchi and Bianchi, 1990). Therefore, lower n-alkanol than
n-alkane contents in rain forest plant waxes in this study may partly be ex-
plained by the degree of senescence of the plant at the time of sample col-
lection.

The total wax content of an entire plant can depend on the changing
contributions of different plant parts. For grasses a decrease of n-alkane and
n-alkanol contents from flowers over leaves to stems was observed (Dove et
al., 1996; Smith et al., 2001; Rommerskirchen et al., 2006b). In this study,
whole plants including stems and partly flowers or fruits were only analysed
of savanna herbs and one savanna shrub (Crassocephalum mannii). For
these samples no significant difference in TCOCs.35 or TCEC24.34 vValues due
to the contribution of different plant parts was observed. Dove et al. (1996)
noted that the increase in n-alkane content in floral parts was less marked in
legumes compared to grasses. Also plants of this study do not show any in-
dication of large variance in the amount of n-alkanes and n-alkanols covering
the different plant parts.

Maxima of n-alkane und n-alkanol distribution patterns of analysed spe-
cies in some cases vary in chain length by up to five carbon atoms (e.g.
Colophosoermum mopane; Tables 2.2 and 2.3). This chain length variation
between compound classes points to a degree of separation in the synthetic
pathways for precursor pools that feed into the synthesis of n-alkanes and
n-alkanols (Shepherd, 2003). During biosynthesis both compound classes
are formed from the same precursor molecules (intermediate even carbon
number aldehydes). By defunctionalisation of these aldehydes odd carbon
number n-alkanes are being synthesised whereas even carbon number pri-
mary alcohols are produced by reduction of the corresponding aldehydes. If
both compound classes are synthesised from the same precursor pool, al-
kanes and alkanols should differ only by one carbon atom. But products of
the reductive and decarbonylative pathways often differ greatly in length — as
also observed in this study — and indicate separation in the elongation sys-
tems producing the intermediate aldehydes for the two compound classes
(Shepherd, 2003).
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2. Characteristics of C; rain forest and C3 savanna plant wax lipids

Our limited survey does not reveal any systematics on the taxonomic
levels of order, family or subfamily. The inconsistent distribution patterns of
the same species sampled from different locations during various field trips
points to the limitation of chemotaxonomic surveys using n-alkanes and
n-alkanols. Triplicate samples of the rain forest shrub Combretum indicum
show distribution patterns with different maxima for n-alkanes and n-alkanols.
Duplicate samples of Acacia mellifera produced different distribution patterns
of n-alkanes and similar distribution pattern maxima of n-alkanols. Distribu-
tion patterns of both compound classes of duplicate samples of Colophos-
permum mopane resemble each other. Stransky and Streibl (1969) also
noted that similar species of deciduous trees sometimes have widely differing
lipid patterns and concluded that the distribution of n-alkanes is of limited
value as a taxonomic criterion. Despite this, for grasses specific patterns of
lipid constituents were reported to remain constant under different environ-
mental conditions (Tribe et al.,, 1968). Chemotaxonomic surveys of Cj
grasses (Maffei, 1996) and C, grasses (Rommerskirchen et al., 2006b) re-
vealed characteristic lipid distributions on a subfamily level.

Whereas n-alkane distribution patterns of rain forest plants do not re-
veal significant differences related to growth form, a trend to longer n-alkanes
from savanna trees over shrubs to herbs is evident. One possible explanation
may be the adaptation to different temperature gradients within the habitats.
The difference of temperature between bottom and top of the rain forest can-
opy are only a few degrees Celsius. In open areas with high irradiation, like in
savannas and deserts, the temperatures are very high at the ground (up to
50 °C) but at a few decimetres above the ground the air temperature de-
creases significantly (Geiger, 1950). Because of this temperature gradient,
savanna herbs covering the ground may synthesise longer chain n-alkanes
with higher melting points compared to nearby taller plants. This behaviour
also applies to the duplicate samples of Acacia mellifera: the plant sample
which originated from a shrub exhibits longer chain homologues than the
leaves collected from the tree. However, the observed differences may also
be influenced by local environmental conditions or sampling season. Fur-

thermore, desert plants endure even higher temperatures but synthesise
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2. Characteristics of C; rain forest and C3 savanna plant wax lipids

n-alkanes occurring in nearly the same range of chain length as found in
plants analysed in this study (Proksch et al., 1981). This may render tem-
perature of the habitat as the sole cause for differences in chain length of
plant lipids unreliable.

Distribution patterns of n-alkanols from plants of this study show bell
shaped curves. Furthermore, triacontanol (n-Csp) is abundant in all plants of
this study and sometime the dominant homologue. In contrast, n-alkanol dis-
tribution patterns of grasses are dominated by only one particular homologue
(n-Cy, N-Cyg 0r N-C3p) wWhereas triacontanol is absent in most cases (Tulloch,
1976; Rommerskirchen et al., 2006b). This absence of triacontanol in most
grass wax lipids was related to the reported role of this substance as plant
growth stimulator with high biological activity (Ries et al., 1977; Shakhidoya-
tov et al., 1997). In contrast, plants of our study showed bell shaped distribu-
tion patterns including the n-Cs, alkanol and thus, did not provide any indica-
tion of additional functions of this compound.

It is unknown whether the chemical adaptation of plant waxes to envi-
ronmental conditions is caused by genetic or ecogenic processes. Dodd et al.
(1998) showed that populations adapted to warmer and more arid conditions
had higher proportions of alkanes with longer chains in their waxes than
those of the same population adapted to cooler and more humid conditions.
They concluded that the plants primarily have an ecogenic adaptation of their
waxes to their habitat to impede the cuticular water loss. The adaptation to
environmental factors is thought to be stimulated by light intensities on en-
zyme genes involved in wax biosynthesis during the fatty acid elongation or
in earlier chain elongations (Shepherd and Griffiths, 2006). In contrast, Dodd
and Afzal-Rafii (2000) proposed a strong genetic influence on adaptation of
hydrocarbons to environmental conditions within the plant species of the fam-
ily Cupressaceae. Of the many genes involved in wax biosynthesis, relatively
few have known identities or functions. The mutation of certain genes re-
sponsible for enzymes, which are involved in the elongation process during
wax production, leads to reduced levels of long chain alkanes (Shepherd and
Griffiths, 2006). But these genetic defects affect the whole long chain carbon
number range due to the blockage of fatty acid elongation from n-Ci¢ and
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2. Characteristics of C; rain forest and C3 savanna plant wax lipids

n-C,g primers to longer chain homologues and do not only cause a slight
change in the distribution pattern maximum of one or two carbon atoms as
found in our samples. As yet, the processes controlling the carbon number
distributions have not been conclusively described and further analyses are

required.

2.5.2 Bulk and molecular carbon isotopic composition

Most &'3C values of ground leaf material as well as n-alkanes and n-alkanols
of the C; species of this study are in the characteristic range for C; plants of
-21%o to -35%o for bulk material (O'Leary, 1988) and -29%. and -39%. for plant
lipids (Bi et al., 2005 and references therein). In general, our results indicate
a trend to more negative values from savanna to rain forest C; plants for bulk
and n-alkane carbon isotope ratios. For n-alkanols a corresponding trend
was not observed, possibly due to sparse isotopic data.

A large number of factors including light intensity, humidity, use of recy-
cled CO,, CO, concentration, osmotic stress, temperature, altitude and plant
age influence the carbon isotopic composition of plants (Arens et al., 2000
and references therein). The observed carbon isotopic variations of plants in
our sample set may be the result of a complex interaction of all or several of
these factors. However, some environmental parameters like osmotic stress,
temperature and altitude only lead to significant carbon isotope variation
when plants from extreme habitats like high salinity environments, polar re-
gions or high mountains, respectively, are included in the sample set. An-
other parameter, plant age, is not well known for all analysed samples and
most likely varies within the sample set. But variation of carbon isotope com-
position with plant age was reported to be lower than 2%. or even not signifi-
cant (Donovan and Ehleringer, 1991). Thus, osmotic stress, temperature,
altitude and plant age are assumed to be factors of minor or even negligible
influence regarding the carbon isotopic difference between rain forest and
savanna C; plants.

Other environmental factors like light intensity, humidity, use of recycled
CO, and CO; concentration differ significantly between rain forest and sa-

vanna habitats and thus are assumed to be the main factors leading to differ-
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2. Characteristics of C; rain forest and C3 savanna plant wax lipids

ences in carbon isotopic composition of C; plants from the two habitats. One
major parameter explaining the observed trend may be the deficit of light in
closed canopies. Ehleringer et al. (1986) reported that decreasing photon flux
leads to increasing intracellular CO, concentration in laboratory experiments.
High intracellular CO, concentration causes stronger discrimination against
13C during photosynthesis. Several studies have shown that the carbon iso-
topic composition of plant material can vary within canopies due to position of
the plant (Vogel, 1978; Medina and Minchin, 1980; Schleser and Jayasekera,
1985; Ehleringer et al., 1986). In all these studies leaf carbon isotope ratios
became more negative in going from exposed, exterior positions to interior,
more shaded positions of the plants.

Furthermore, water supply and air humidity are much higher in the rain
forest than in the savanna. Therefore, rain forest plants do not have to close
their stomata completely to prevent transpiration and can operate with more
widely open stomata compared to savanna species. This leads to high intra-
cellular CO, concentration in rain forest plants. In contrast, savanna plants
close their stomata partly or completely to reduce water loss especially dur-
ing the mid-day temperature maximum (Farquar et al., 1982). With reduced
stomatal conductance nearly all CO, within the leaf is assimilated and there
is little fractionation of carbon isotopes. High effects of stomatal closure may
have caused the relatively high isotopic values for the n-alkanes of Tamarix
usneoides (8*Cwwmiazs.35 Of -27.7%0) exceeding the range typical for C; plants.
At places of high irradiation also the uptake of intracellular CO; released from
the process of photorespiration is possible. Such CO, will be more negative
than CO; in the atmosphere because it has already undergone fractionation.

An additional explanation for more negative values of rain forest plant
material may be a different isotopic composition of the source CO, and
higher CO, concentrations caused by recycling effects and soil respiration.
Less wind penetration into the lower part of the rain forest due to the closed
canopy structure causes slower air exchange and an accumulation of CO,
depleted in **C. Buchmann et al. (1997) reported the CO, concentration to be
200 ppm higher and 8**C values for CO, to be 2.0 to 6.3%o more negative at

the forest floor than in the troposphere at an Amazonian rain forest sampling
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site. The uptake of CO, depleted in *C may be a partial explanation of more
negative carbon isotopic ratios of rain forest plants but the aerial accumula-
tion of CO, depleted in **C decreases with height and CO, concentration is
not constant in the course of the day. Buchmann et al. (1997) calculated
source air effects to account only for about 20% of the difference in carbon
isotope ratios within the tropical canopy forest they studied in the Amazonian
rain forest. Nevertheless, very negative 3*Cpy values among the rain forest
plants like -36.0%. for Ficus ottonifolia and §*Cywmazs.35 ratios of less than
-40%0 for Ficus ottonifolia and Englerina gabonensis may be explained by
source CO, effects. Such negative values have previously been observed for
leaf samples of the undergrowth (<1 m) in the Amazonian rain forest (Medina
and Minchin, 1980).

2.5.3 Leaf wax n-alkanes and n-alkan-1-ols as proxies for

vegetation type
In studies reconstructing the vegetational composition in a continental set-
ting, chain length distributions and stable carbon isotopic measurements of
aliphatic biomarkers have been and are still being used to deduce the C3 and
C4 plant contribution to geological archives. Our study attempts to enlarge
the available information on end member distribution patterns and carbon
isotopic compositions of land plant wax constituents for the application as
proxies for vegetation type. But one should bear in mind that the plants we
analysed grew in the wild at different sampling locations and under different
conditions and that they are not well described in every case. Therefore, local
settings like edaphic characteristics, sampling seasons, daily sun exposure
as well as the age of the plant material (young sprout or aged leaves) are
largely unknown and can influence the results. This may limit the use of the
presented data and averaged presentations.

Despite the uncertainties mentioned and the limited database significant
similarities were observed for the different growth forms within one habitat.
Therefore, we calculated averaged histogram representations (Fig. 2.6) as
well as averaged presentations of common chain length parameters

(Fig. 2.7) for C3 rain forest plants and C3; savanna plants, and we compare
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Figure 2.6 Averaged histogram representation of leaf wax n-alkane and
n-alkan-1-ol of samples from a) rain forest, b) savanna and c) C, grasses
(adopted from Rommerskirchen et al., 2006b). Displayed are n-C,; to
n-Css alkanes and n-C,3 to n-C3s alkan-1-ols (in % of compound class, left
Y-axis; black bars), overlain by averaged molecular stable carbon isotope
data (; 8*3C in %o versus V-PDB, right Y-axis). The diagrams are individually
normalised to the most abundant homologue. ACL: Mean average chain
length of n-alkanes (n-Cys to N-Css; ACL2s.3s5) or n-alkanols (n-Cy4 to N-Cag;
ACL2434) including the standard deviation (in brackets). §“Cwma: Mean
weighted mean average of molecular carbon isotopic values including the
standard deviation (in parentheses); n.. Number of species used for averag-
ing of content data; ns: Number of species used for averaging of isotopic
data. Data of graphical presentations is compiled in Table 7.3.

them to data of C, grasses compiled by Rommerskirchen et al. (2006b).
These graphs may roughly be representative for C3 rain forest, C; savanna
and C,grassland vegetation. This averaging is justified by the fact that sto-

rage of terrestrial plant waxes in continental or marine sedimentary archives
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2. Characteristics of C; rain forest and C3 savanna plant wax lipids

in nearly all cases involves an averaging effect by mixing plant debris from
different growth settings and with different biological life histories.

From rain forest over savanna to grassland a shift to n-alkanes with
longer chain lengths was observed. Whereas the n-C,g alkane is the main
component in the averaged histogram representation for rain forest plants,
the n-Cz; alkane dominates the distribution patterns of savanna plants and
C, grasses. In savanna plant waxes the n-C,y alkane is the second most
abundant homologue, whereas in C,4 grasses the n-Cs; alkane is more com-
mon. This is numerically expressed by increasing ACL,s 35 values (Fig. 2.7a)
and an increasing relative abundance of the n-Cs; alkane (Fig. 2.7e) as well
as in a decreasing n-C,¢/n-Cg3; ratio (Fig. 2.7c¢). The shift from a dominance of
the n-C,9 alkane in forest species to the n-C3; alkane as most abundant
homologue for non-forest species is not a characteristic only obtained for
tropical regions. It has also been reported for plants and geological archives
of other vegetation zones as well (e.g., van Bergen et al., 1997; Jansen et al.,
2006), whereas the n-C,; alkane is more abundant and sometimes domi-
nates in temperate forest species (Schwark et al., 2002).

For n-alkanols a similar tendency to longer chain lengths from Cj3 sa-
vanna plants to C, grasses was observed (Fig. 2.4, right side). However,
n-alkanols of rain forest plants do not corroborate this trend. The maximum of
the averaged distribution pattern for n-alkanols (n-Czp alkanol) of rain forest
plants puts them between C3; savanna plants (n-Cyg alkanol) and C4 grasses
(n-Cs; alkanol). This is also displayed by the ACL4.34 values (Fig. 2.7b). For
the n-C,g/n-Cgyg ratio of the n-alkanols (Fig. 2.7c) an increase was observed
from rain forest over savanna to C, grasses. The high value of this parameter
for the C, grasses is caused by the low abundance of the C3 alkanol in some
leaf wax distribution patterns (Rommerskirchen et al.,, 2006b). The relative
abundance of the n-Cj3, alkanols displayed in Fig. 2.7f shows high values for
C, plants. Hence, in conjunction with §*Cs, values it may constitute a useful
marker for C4, grass rich vegetation as found by Rommerskirchen et al.
(2006a).

The observation of rain forest species synthesising alkanols with longer

chains than savanna plants is contrary to the results of a former studies of
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Fig. 2.7 Averaged values and standard deviation for chain length parameters
of n-alkanes (black) and n-alkan-1-ols (grey) for rain forest species (trian-
gles), savanna plants (circles) and C,4 grasses (squares). Displayed are aver-
age chain length of a) n-C,5 to n-Css alkanes (ACLs.35), and b) of n-Cy4 to
n-Cs4 alkanols (ACLy4-34), ratio of ¢) n-Cyg to n-Cs; alkane (C,/C3;), and d) of
n-Czs to n-Czp alkanols Cy/C3 as well as relative abundance of the
e) n-Cz3 alkanes and f) n-Cs; alkanols. Data for C, grasses adopted from
Rommerskirchen et al., 2006b. Data of graphical presentations is compiled in
Table 7.4.

sediments from the southwest African continental margin. Such studies
showed a similar trend of n-alkanes and n-alkanols to shorter chain homo-
logues in sediment sampled off the rain forest compared to sediment sam-
pled off savanna regions (Rommerskirchen et al., 2003; Rommerskirchen et
al., 2006a). A similar discrepancy for a rain forest region was also observed
by Huang et al. (2000) who found a higher abundance of shorter chain
n-alkanols in sediments of the northeast Atlantic Ocean compared to dust
sampled in the same region. This suggests that there may be additional
sources for shorter chain n-alkanols. One possible source may be marine
organisms because n-alkanols, mainly even carbon numbered n-Cy; to n-Cyg
homologues, were identified in marine tropical sea grass (Nichols and Johns,
1985). Also marine microalgae were described to contain long chain satu-

rated n-alkanols (n-Cy to n-Csy) but microalgae were quoted to be only a
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minor source of these lipids in most sediments (Volkman et al., 1998). An-
other possible source for n-Cyo to n-Cyg alkanols in sediments may be alka-
nols released from wax esters. The combined acids and alkanols of wax es-
ters are often different in chain length from those in the corresponding free
compounds (Kolattukudy, 1976). Fukushima and Ishiwatari (1984) found high
contributions of n-Cy to n-Cyg alkanols bound in wax esters of lacustrine and
marine sediments.

The tendencies in chain length of n-alkanes described in this study are
paralleled by a trend to less negative §Cwwazs.3s and 8*Cwwmaza.3s ratios
from rain forest over savanna to grassland vegetation (Fig. 2.6). Whereas the
differences among the C3 species have been discussed above, the difference
between C3 and C, species is caused by the different metabolic pathways.

The studied biomes were reported to have been well established in Af-
rica at the end of the Miocene, and it was suggested that many present day
plant lineages of Africa may date from the Miocene and since then increased
in diversity whereas only few lines went extinct (Plana, 2004). Fossil ances-
tors of Acacia and Ziziphus species which are part of this study were identi-
fied in clay deposits from Fort Ternan (Kenya) dated to the Middle Miocene
(Retallack, 1992). Therefore, we assume the data of biomarker distributions
and compound specific stable carbon isotope composition presented here to
be useful proxies for studies not only for the recent vegetation but also for
expansion and contraction of tropical and subtropical vegetation zones since

the Late Miocene.

2.6 Conclusions

In this paper we have shown differences in the bulk carbon isotopic
composition as well as in the distribution pattern and molecular carbon iso-
topic composition of n-alkanes and n-alkan-1-ols for 45 savanna species and
24 rain forest plants native to Africa and sampled in their natural habitats.
The plants display considerable variation in the content, distribution patterns
and stable carbon isotopic composition of their lipids, but do not give a clear

indication for a chemotaxonomic significance of these compounds.
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For rain forest and savanna species the variation of the analysed pa-
rameters among different growth forms (herb, shrub, liana, and tree) are
small. Characteristic similarities were observed for lipids and carbon isotopic
signatures of plants from the same vegetation zone even though edaphic
characteristics, sampling seasons, daily sun exposure as well as the age of
the plant material were largely unknown and may have influenced the results.
Therefore, we presented averaged histogram representations for Cz rain for-
est plants, C3 savanna plants and previously analysed C,4 grasses (Rommer-
skirchen et al., 2006b) which may roughly be representative for C;rain forest,
Cs savanna and C, grassland vegetation. The observed characteristics of
plant waxes from these vegetation types are
- a shift to less negative carbon isotopic composition of whole plant material
as well as for the n-alkanes and a trend to longer chain n-alkanes from Cj
rain forest over C3 savanna to C4 grassland vegetation;

- a distribution pattern maximum for n-alkanols of Cj rain forest species lay-
ing between those of C3 savanna plants and C, grasses.

These characteristics have implications for the use of wax compositions
as biomarker proxies in geological records. For the n-alkanes we assume
ACL values and the ratio of the n-C,g to the n-Cz; alkane, which was already
used in other environmental settings (e.g. Jansen et al., 2008), to be a suit-
able proxy to evaluate the changing contribution of savanna and rain forest
vegetation to geological records of tropical and subtropical Africa. A similar
trend was not found for n-alkanols but focussing on C3; savanna species and
C, grasses ACL values are a suitable parameter. Furthermore, the relative
abundance of the n-Cs; alkane and/or the n-C3, alkanol may be an indicator
for the contribution of lipids derived from C, grasses as previously found by
Rommerskirchen et al. (2006a), but the n-Cs, alkanol may be of limited use
due to its abundance in rain forest plant waxes.

Our study also indicates the stable carbon isotopic compositions of land
plant n-alkanes and n-alkan-1-ols to be powerful proxies for vegetation com-
position. Until now studies analysing stable carbon isotopic compositions of
these components in geological archives in most cases only distinguished

between contributions of C3 and C4 plants without considering a difference in
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the signal of C; plants of different vegetation zones. But the different carbon
isotopic composition of lipids from Cj3 plants of savanna and rain forest habi-
tats described in this study has to be taken into consideration in order to at-

tain proper results.
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3. n-Alkane parameters derived from a deep-sea
sediment transect off southwest Africa reflect

continental vegetation and climate conditions

Angela Vogts, Enno Scheful3, Tanja Badewien, Jirgen Rullkotter
This chapter was submitted to Organic Geochemistry.

3.1 Abstract

An isobathic transect of marine surface sediments from 1°N to 28°S off
southwest Africa was used to further evaluate the potential of the abundance,
chain length distribution and stable carbon isotope composition of long chain,
land plant-derived n-alkanes as proxies for continental vegetation type and
climate conditions. The results reveal a southward trend to longer chain
length and less negative stable carbon isotope composition, reflecting the
changing contribution of plants employing different photosynthetic pathways
(Cs and C,). Both the stable carbon isotope composition and the average
chain length distribution were found to be suitable for estimating the relative
C4 plant contribution to the sediments. The calculated C, plant proportion
correlated reasonably well with the C4 plant abundance in the postulated con-
tinental catchment areas if non-latitudinal eolian transport was taken into ac-
count. Furthermore, the calculated C, contribution to the sediments corre-
lated significantly with the mean annual precipitation and aridity in the postu-
lated catchment areas. Since (i) the sedimentary n-alkane parameters mir-
rored the continental vegetation and (ii) n-alkane-derived C, plant abun-
dances may constitute a proxy for continental aridity, the study corroborates
and expands the potential of n-alkanes in continental margin sediments for
the reconstruction of recent and ancient environmental conditions on the ad-

jacent continent.
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3.2 Introduction

Land plant-derived biomarkers in sedimentary archives provide useful infor-
mation concerning past vegetation and its climate-dependent variation. Valu-
able archives for such palaeoenvironmental studies are ocean margin sedi-
ments where long, undisturbed depositional sequences can occur. Land
plant-derived biomarkers for such studies comprise constituents of epicuticu-
lar waxes and are employed in combination with their isotopic signatures
(e.g. Rommerskirchen et al., 2003, 2006a; Scheful’ et al., 2003a, 2005; Zhao
et al., 2003; McDuffee et al., 2004; Feakins et al., 2005; Weijers et al., 2007;
Niedermeyer et al., 2010; Tierney et al., 2010a,b). Epicuticular waxes cover
all aerially exposed organs of higher land plants and in virtually all cases con-
tain long chain n-alkanes, which are the focus of this study. After plant decay,
the n-alkanes can persist in soils or are transported by wind and rivers to be-
come incorporated into lake or ocean sediments. In such sedimentary ar-
chives the biomarkers constitute an integrated signal of the plant wax com-
position of the plant species within the catchment area.

Land plant-derived n-alkanes typically occur in the Cy to Css range
(Chibnall et al., 1934) with characteristic odd/even carbon number predomi-
nance (Eglinton and Hamilton, 1967). It was suggested that plants from arid
tropical and subtropical climates biosynthesise longer chain wax components
than those from habitats in the temperate regions (Gagosian and Peltzer,
1986) which would make their chain length distribution a potentially useful
proxy for climate-dependent vegetation changes.

The stable carbon isotope composition of n-alkanes is another valuable
feature and is related to the plant-specific CO; fixation pathways. Nearly 90%
of the estimated 250,000 land plant species use the C3 photosynthetic path-
way (CBB Cycle; Bassham et al., 1954), i.e. almost all woody species of
temperate and wet tropical regions (Sage, 2001). Another principal CO; fixa-
tion pathway, the C, metabolism (Hatch-Slack Cycle; Hatch and Slack,
1966), is an elaboration of the CBB Cycle and preconcentrates CO, by way
of a complex biochemical process (Hatch, 1987). This CO, concentrating
mechanism prevents ineffective photorespiration and leads to improved wa-

ter use efficiency under stressful environmental conditions, notably high tem-
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perature, high light intensity, high salinity, limited water supply and/or low
CO; concentration (Downes, 1969; Bjorkmann, 1976). Since extra energy is
needed for the advantageous two step process, C,4 plants can only success-
fully outcompete C; plants in regions like the sunny subtropical and tropical
savanna and desert areas (Sage, 2004). The different CO, fixation pathways
cause characteristic differences in the stable carbon isotope composition of
leaf wax lipids of -29%o t0 -39%o0 in C3 and -14%o to -26%. in C,4 plants, respec-
tively (Bi et al., 2005 and references therein). A third metabolic pathway, the
Crassulacean Acid Metabolism (CAM), is a less common elaboration of the
CBB Cycle (Winter et al., 2005) and is commonly used by plants populating
environmental niches, such as desert succulents and tropical epiphytes
(Keeley and Rundel, 2003). As this metabolic pathway is generally a strategy
for stress survival and not for high productivity, the contribution of CAM-
utilising plants to biomass production, and thus geological archives, is negli-
gible (Lattge, 2004).

The goal of this study was to characterise how n-alkane characteristics
in modern southeast Atlantic ocean margin sediments reflect the contribution
of plants with different metabolic pathways (Cz; and C,4) from the adjacent
African continent. Furthermore, we were interested in finding out if the abun-
dance of C4 plants is correlated with mean annual precipitation and/or aridity.
The information is essential for reliable palaeo-vegetation reconstruction and
palaeo-climatic interpretation. We analysed a transect of sediments off
southwest Africa (1°N to 28°S) for their n-alkane distribution patterns and the
molecular carbon stable isotope compositions of these biomarkers. Based on
problems experienced in previous transect studies (Rommerskirchen et al.,
2003), samples were collected from locations with similar water depth to
minimise possible effects of different transport distances from the continent

or water column height.
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3.3 Material and methods

3.3.1 Sediment material

We analysed 13 marine sediment surface samples that constitute an iso-
bathic (ca. 1300 m water depth) north to south transect (1°N to 28°S) along
the southwestern African continental margin. The samples were retrieved
during cruises M34/2 and M41/1 of the research vessel Meteor in 1996 and
1998, respectively, and recovered by way of multi-corer to obtain undisturbed
surface sediment. Sampling locations are displayed in Fig. 3.1 and general
sample information is compiled in Table 3.1. The multicores were separated
into depth intervals, sealed in polyethylene plastic bags and stored at -20°C
on board and afterwards at the University of Bremen. Material from the top-
most available sediment layers (different intervals of 0O to 3.5 cm length; Ta-
ble 3.1) was freeze dried and finely ground prior to analysis.
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Fig. 3.1 Map of southern Africa and presentations of continental environ-
mental conditions. Simplified present-day land cover based on Mayaux et al.
(2004) and generalised wind directions according to Dupont and Wyputta
(2003). Mean annual precipitation (a), mean annual temperature (b), and
aridity index (UNEP, 1992); c) calculated for locations ca. 350 km distance to
coast with WebWIMP modelling program (Matsuura et al., 2003). Exact loca-

tions and values of environmental parameters are given in Table 7.5. 65
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Table 3.1 Sample information and analytical data for bulk material.

No. GeoBNo. Latitude Longitude Water depth (m) Cruise Interval (cm bsf)® TOC (%) TIC (%) &Com (%)
1 4904-6  0.962°N 8.88°E 1349 M41/1 05-2 2.65 0.91 -20.3
2 4906-4 0.69°S  8.378°E 1272 M41/1 1-2 3.04 0.34 -22.0
3 4909-3 2.068°S  8.625°E 1305 M41/1 0-15 2.27 1.53 -20.5
4 4912-3 3.73°S  09.785°E 1298 M41/1 0-1 2.33 1.39 -20.3
5  4913-3 5.503°S  11.072°E 1296 M41/1 0-25 3.33 0.02 -22.4
6  4915-2 7.75°S  11.873°E 1306 M41/1 05-2 2.94 0.11 -20.8
7 4916-3 10.173°S  12.687°E 1294 M41/1 0-1 4.08 0.21 -20.8
8  4917-4 11.903°S  13.073°E 1300 M41/1 05-25 3.85 0.39 -20.6
9  3713-1 15.628°S  11.58°E 1330 M34/2 15-25 1.51 0.55 -19.6
10 3715-2 18.955°S  11.057°E 1203 M34/2 1-35 452 3.12 -19.7
11  3706-3 22.717°S  12.602°E 1313 M34/2 05-15 4.05 8.02 -20.5
12 3705-3  24.303°S  12.997°E 1308 M34/2 05-2 4.24 8.40 -20.9
13 3701-1 27.952°S  14.003°E 1488 M34/2 05-15 1.13 9.38 -19.5

? Analysed sediment interval in cm below sea floor (bsf).
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3.3.2 Analytical Methods

Bulk Parameters

Total organic carbon (TOC) content was determined as the difference be-
tween total carbon measured with a Vario EL Cube combustion instrument
and inorganic carbon analysed via a UIC CO,-coulometer. For stable carbon
isotope analysis of bulk organic material, carbonate was dissolved by re-
peated addition of HCI (2 mol ') and drying of the samples at 50°C. For iso-
tope analysis a Carlo Erba Elemental Analyser 1108 was attached to a Finni-
gan MAT 252 isotope ratio mass spectrometer. Isotope compositions are ex-
pressed as 6'°C values in per mil relative to V-PDB. Samples were run at
least in duplicate, with an absolute difference between measurements of

<0.35%o. Results for bulk parameters are given in Table 3.1 for information.

Sample extraction and compound isolation

Marine surface sediments (9 to 23 g, depending on TOC content; Table 3.1),
were extracted using an Accelerated Solvent Extractor (ASE 200, Dionex)
with CH,Cl, and MeOH (9/1, v/v; 3 x 5 min, 70 bar, 100°C). Completeness of
extraction was checked by way of repeated extraction. Squalane was added
to the extracts as internal standard. After removal of solvent, the extracts
were redissolved in n-hexane and insoluble components removed by filtration
over NaSO,4. The aliphatic/alicyclic hydrocarbons were separated from the
n-hexane-soluble fraction by way of medium pressure liquid chromatography
(Radke et al., 1980). Prior to analysis, behenic acid methyl ester was added

to the hydrocarbon fraction as injection standard.

Gas chromatography (GC)

The hydrocarbon fractions were analysed using an Agilent 6890 GC instru-
ment equipped with a cold injection system Gerstel KAS 4, high-temperature
column J&W, DB-5HT, 30 m x 0.25 mm i.d., 0.1 pum film thickness and FID.
The injector temperature was programmed from 60°C (5 s) to 350°C (60 s) at
10°C s™. Helium was used as carrier gas and the GC oven was programmed
from 60°C (2 min) to 350°C (held 15 min) at 3°C min™. The n-alkanes were
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identified by comparison of retention times with standard mixtures and abun-
dances calculated as pg g* sediment dry weight on the basis of signal inten-
sity and internal standard (squalane) in the GC-FID traces. Recovery was
85% or better. The differences in response between homologues of different
chain length and internal standard were negligible (coefficient of variation

<6%), and no trend of response factors with chain length was observed.

Stable carbon isotope composition
The n-alkanes were separated from the branched and cyclic saturated hy-
drocarbons by way of urea adduction. Stable carbon isotope compositions
were determined using a GC instrument (HP 5990) coupled to a Finnigan
MAT 252 irm-MS via a combustion interface (GCC-Il). The GC conditions
were similar to those for quantification with the exception that the injector
temperature was programmed from 60°C (5 s) to 325°C (120 s) at 10°C s*
and the GC oven from 60°C (2 min) to 325°C (held 41 min) at 3°C min™,
Calibration was performed by injecting several pulses of CO, reference
gas at the beginning and at the end of each run and by measurement of certi-
fied standard substances between sample runs. Additionally, docosanoic
acid methyl ester of known stable carbon isotope composition was added to
the samples and used for quality control. The standard deviation of doco-
sanoic acid methyl ester was <0.5%., with an averaged absolute error of
0.2%0 (n = 40). Samples were run at least in duplicate, with an absolute dif-

ference between measurements <0.5%o.
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3.4 Regional setting

3.4.1 Environmental conditions in southwest Africa

Southwest Africa is characterised by a distinct topography. From the equato-
rial Congo Basin (usually <500 m) the elevation increases towards the South
African Plateau, reaching an average altitude of 1000 m at about 10°S.
Lower elevations occur in a narrow strip along the coast separated from the
plateau by a steep slope.

In order to depict the climatic conditions in the study area, the Web-
WIMP modelling program (Matsuura et al., 2003) was used to calculate an-
nual mean temperature, precipitation and potential evapotranspiration for
locations from 4°N to 34°S (2° steps) at ca. 350 km distance to the coast.
This distance was chosen to depict the continental climate characteristic for
the wind and river catchment areas and to avoid an influence of coastal cli-
mate, such as cold coastal temperatures in regions of coastal upwelling.
From the calculated values the aridity index was calculated according to
UNEP (1992) as a quotient of mean annual precipitation and potential
evapotranspiration. At a large scale, mean annual temperature, precipitation
and aridity index decrease from the equator to the south (Fig. 3.1a-c). Only at
the southernmost part of the continent do temperature, precipitation and arid-
ity index increase as a result of the equatorwards displacement of the mid-
latitude Westerlies during austral winter.

3.4.2 Vegetation in southwest Africa
In Africa there is a clear gradient from dense evergreen biomes to dry open
land cover from the equator to the subtropics, corresponding to the mean
annual rainfall gradient (Mayaux et al., 2004). From the equator to the south,
the vegetation of southwest Africa changes from evergreen rain forest
through dry evergreen and deciduous forests, wood- and shrublands, grass-
and croplands, to desert (Fig. 3.1). Because of winter precipitation on the
higher latitude southern African coast woody vegetation is abundant again.
Rain forest vegetation is characterised by woody C3 plants as the major
representatives of the flora (Richards, 1996). The evergreen rain forest ex-

tends to about 9°S and is increasingly confined to river valleys towards its
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limits. Then, dry evergreen forests and further forests with deciduous plants
gain importance. The closed forest (no grass cover) often abruptly passes
into a wide zone of savanna, wood- and shrubland (Richards, 1996). In these
savanna regions, deciduous woody species can cover up to 60% of the area
(Cole, 1986) but the amount of woody C3 vegetation decreases with increas-
ing aridity, accompanied by increasing C, grass abundance. In the semi-
deserts on the African Plateau (Kalahari and Nama Karoo) C, grasses domi-
nate the vegetation, while in the dry coastal Namib Desert, the vegetation is
very sparse and in the Succulent Karoo succulent plants dominate. Towards
the Cape region woody C3 vegetation becomes abundant again, forming the

unique Fynbos vegetation.

3.4.3 Transport pathways for plant wax lipids

Eolian transport

Eolian transport pathways of terrestrial components were calculated by Du-
pont and Wyputta (2003) for wind born material reaching sediments off
southwest Africa (6°S to 30°S, implemented in Fig. 3.1). They estimated the
origin of the transported material by backward modelled trajectories and
found a good latitudinal correspondence between the distribution patterns of
pollen in marine surface sediments, the wind trajectories and the occurrence
of the source plants on the continent. During austral summer, wind blows
from the Atlantic towards the continent or parallel to the coast. Thus, there is
little transport of terrestrial material to the sediments during this season. Only
for the equatorial sites might there be some mid-tropospheric transport by
Harmattan winds from north-central Africa. The main seawards transport
from the continent occurs during austral fall and winter when easterly and
southeasterly winds prevail. South of 25°S, wind blows mostly from the west
and southwest, so eolian supply of terrigenious material is very low. There
may be some potential for long range transport from South America but nei-
ther mid- nor low-tropospheric trajectories calculated by Dupont and Wyputta

(2003) pass over parts of the South American continent.
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3. Sediment transect I: n-Alkane chain length and 5*°C ratios

Riverine transport

In contrast to the coverage of wide ocean areas by wind, the majority of flu-
vial transported material is deposited in sediments near river mouths
(Burdige, 2005). Rivers transport large amounts of dissolved and particulate
organic matter to the oceans, and it has been shown that n-alkanes in marine
sediments off rivers reflect the vegetation in adjacent river catchment areas
(Bird et al., 1995; Scheful’ et al., 2004; Weijers et al., 2009). In our study
area, the Congo River system is the largest and also the second biggest in
the world regarding the outflow at the mouth (Dai and Trenbeth, 2002). The
outflow of other river systems in the study area is lower by a factor of ca. 10
for Ogooué (ca. 1°S) and Orange (28.5°S) and by a factor of 50 or more for
other rivers (e.g. Kunene, 17°S; Heyns, 2003; Nilsson et al., 2005). However,
the river outflow data only reflect the quantity of water and not the amount of
n-alkanes transported. Direct quantification of the contribution of n-alkanes to

deep sea sediments by these rivers is not available.

3.5 Results and discussion

3.5.1 n-Alkane abundance

Absolute abundance

Land plant-derived long chain n-alkanes in the range Cys to C3s had a
summed abundance of 0.9 to 4.7 mg kg™ sediment dry weight (Table 3.2).
The lowest abundance was observed for the southernmost site, likely a result
of the low contribution of terrestrial material because of the prevailing west-
erly winds, in agreement with findings by Rommerskirchen et al. (2003). The
abundances were highest off the Ogooué and Congo River mouths, reflecting
the massive transport of terrestrial material by these river systems, as ob-
served by Scheful} et al. (2004).

Carbon preference index
The C,7 to C33 n-alkanes showed a strong odd/even predominance of 3.1 or
higher (CPl,7.33; Table 3.2) typical for their origin from higher land plant

waxes and similar to the values found by Rommerskirchen et al. (2003) and
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Table 3.2 Data for major terrestrial n-alkanes.

n-Alkane content (ug kg™ dry weight)®

No. 25 26 27 28 20 30 31 32 33 34 35 S;3s(mgkg’DM)  CPlya; ACLyras
1 142 109 296 159 1034 188 939 138 452 55 120 3.6 4.8 30.14
2 161 114 337 203 1444 266 1228 210 510 94 161 4.7 45 30.09
3 99 74 193 115 775 140 673 108 302 48 95 2.6 4.6 30.12
4 85 66 170 106 606 123 546 96 272 42 86 2.2 4.2 30.15
5 229 145 370 213 1167 245 1007 186 486 67 169 43 4.1 30.06
6 128 96 227 145 686 142 575 102 292 37 96 2.5 3.9 30.05
7 148 89 265 133 843 145 766 119 441 48 153 3.2 5.0 30.19
8 114 64 203 91 621 93 596 85 377 37 123 2.4 5.6 30.28
9 75 43 133 55 340 55 524 57 356 24 87 1.7 6.7 30.63
10 125 61 210 86 504 96 915 92 568 38 125 2.8 6.8 30.68
11 68 42 94 43 231 50 494 47 278 23 62 1.4 6.4 30.74
12 76 47 101 57 254 60 575 56 310 26 67 1.6 5.9 30.76
13 47 29 57 35 119 39 327 37 159 26 40 0.9 4.8 30.77

#Bold values for individual n-alkanes refer to distribution pattern maxima.
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- a) | b) | C) -‘-PQ kﬂ{
)
o4 " -/ T.\’ 1" " /};;rgre f@ 0°
] °® on-C
\ ] 29 2 g
. 1\ it " A
m /. . - \1\3\.
57w +4 ! 44 m 14
. O W
0 \ O\ o
= 10 ] — ce 4 = |
° \ |7
o] | ] “» | |
- VA '
[ ] ] L [ | ;/l
20 — - by Grass- and °
/’ \ = cropland, 20°8
1 ] [ I ' 0\. : | ["/ '_\‘1_] desert
25 - — / / - \,[‘: \ .12
1 n 1 ® ~nCsy * n \ \m
0 +———7— T T T T — T 1 —
45 6.0 10 20 30 40 30.0 304 30.8 10°E

Relative abundance

CPl 2733 of n-alkanes in %

ACLjy733  =1-m13 Sampling locations

Fig. 3.2 Simplified present-day land cover on map based on Mayaux et al.
(2004) with sampling locations of the north to south transect and graphs of
sediment analysis results with a) CPI for n-alkanes with 27 to 33 carbons
(CPly7.33), b) relative abundance of individual n-alkanes, and c) ACL for n-Cy7
to n-Czz alkanes (ACL,7.33). Values of the relative abundance of the
n-alkanes are given in Table 7.6.

Scheful et al. (2004) in the same area. In contrast, McDuffee et al. (2004)
found lower CPI values of 1.3 to 2.7 for n-alkanes in sediments from the
same or very similar locations and depth intervals, with the differences possi-
bly related to a different work-up procedure.

A distinct trend in CPI values of ca. 4 in the north to values reaching
nearly 7 off savanna regions was observed (Fig. 3.2a). Decreasing contami-
nation with natural petroleum or refinery products from north to south, con-
tributing homologous series of n-alkanes with low CPI values (ca.1) would
explain the observed trend. Mass spectral analysis showed the presence of
minor amounts of 17a-hopane biomarkers, indicating a contribution of fossil
material, but the 17a-hopane abundance was similar for the samples with
lowest and highest CPI values. The occurrence of small amounts of mature

polycyclic hydrocarbon biomarkers in ocean surface sediments without cor-
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3. Sediment transect I: n-Alkane chain length and 5*°C ratios

responding oil-like n-alkanes is quite common and has been attributed to an
admixture of eroded material from land (e.g. Rullkétter et al., 1984). Alterna-
tively, the trend in CPI values may be caused by plant sources showing dif-
ferent n-alkane CPI values. Analyses of rain forest and savanna Cj plants
showed, however, no significant differences of n-alkane CPI (Chapter 2).

The most likely cause for the observed trend of CPI ratios is the extent
of degradation taking place after decay of plants and/or their wax-containing
parts and incorporation of this material into soils. For eastern China, Rao et
al. (2009) observed higher n-alkane CPI values in colder and drier areas
compared to wetter and warmer tropical soils. This corresponds to our obser-
vation that higher values were observed off drier regions than off the moist
rain forests. Even though the n-alkanes may have spent some time in the soil
at their production site, the contribution of old material is assumed to be low
and thus, not the cause for the observed CPI trends, because previous stud-
ies showed that dust and sediment samples off southwest Africa predomi-
nantly mirror recent continental vegetation (Rommerskirchen et al., 2003;
Scheful} et al., 2003b, 2004). Furthermore, the leaf wax signal of contempo-
rary vegetation or sub-recent soil organic matter rapidly overprints any con-
tributions from ancient lipid material, e.g. from dried lakes, or anthropogenic
components (Simoneit et al., 1988; Simoneit, 1997; Scheful} et al., 2003b).

There may be an additional effect on CPI based on transport pathways.
In particular, the southern sites receive mainly eolian-transported material
which became airborne via abrasion of the plant surface by e.g. sand blasting
during storm events or via evaporation from the plants as a result of wood
fires (Simoneit et al., 1977). The n-alkane distributions of this origin are as-
sumed to remain relatively unchanged, i.e. close to the plant wax composi-

tion.

Chain length distribution

The n-alkanes with 29, 31, and 33 carbons had the highest abundance in all
the transect samples. Distinct trends in their relative abundance are dis-
played in Fig. 3.2b. Near the equator, the n-C,9 alkane (C,g9 hereafter) domi-

nated the distribution patterns. This corresponds well to lipid data for rain for-
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3. Sediment transect I: n-Alkane chain length and 5*°C ratios

est plants, in which it is the most abundant homologue (Vogts et al., 2009).
Southwards, its relative abundance decreased and at 12°S the abundance of
Cy9 and C3; was almost identical. The increasing contribution of C3; mirrored
the continental transition zone between closed forest and open woodland
because it is the dominant homologue in plant waxes of open savanna re-
gions (Rommerskirchen et al., 2006b; Vogts et al., 2009). At 15°S and further
south, C33 became the second most abundant homologue, while the abun-
dance of Cy9 decreased even more. This is consistent with the fact that the
importance of closed forest areas and woody vegetation further decreases,
accompanied by an increase in C4 grasses, in which Cs3 is more abundant
than in woody vegetation (Rommerskirchen et al., 2006b; Vogts et al., 2009).
The changing abundance of individual n-alkanes is numerically displayed by
an increase in ACL. Near the equator ACL,7.33 was around 30.1 (Table 3.2;
Fig. 3.2c). At 10°S, the ratio started to increase and reached values of 30.8
at the sites south of 15°S. ACL,7.33 ratios presented by Rommerskirchen et
al. (2003) are in the same range.

For comparison with ACL ratios of other sediment and plant studies, we
calculated values for the specific n-alkane ranges used in those studies (indi-
cated by subscript numbers, values not displayed). ACL s 33 values calculated
by McDuffee et al. (2004) for samples from similar sampling locations were
0.8 to 1.6 lower than ours, and the trend to higher values for the southern
samples was less pronounced. As mentioned above, this may result from the
different work-up method. Scheful? et al. (2003b) also found lower
ACLs.35 values of 26 to 29.3 in dust samples and no correlation with conti-
nental vegetation.

Compared to plant samples, ACL,s.35 values for the northern sediments
of this study were higher than calculated for Cj3 rain forest plant material pre-
sented by Vogts et al., 2009. This discrepancy may be due to the limited
plant database but some contribution of C, grass waxes with longer chain
n-alkanes to the northern sites also appears possible. As postulated by pre-
vious studies (Rommerskirchen et al., 2003, 2006a; Scheful3 et al., 2004)
such C, plant-derived material can reach the northern sites via long range

eolian transport or may originate from rain forest swamps where C,4 grasses,
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3. Sediment transect I: n-Alkane chain length and 5*°C ratios

e.g. from the genus Cyperus (like papyrus), dominate. However, since the
overall n-alkane characteristics of tropical swamp C, grasses are unknown,
their influence on the ACL remains speculative. At the southern sampling
sites, the sedimentary ACLs.35 ratios resembled those of C, grasses pre-
sented by Rommerskirchen et al. (2006b), indicating an overwhelming C4

plant contribution.

3.5.2 Stable carbon isotope composition of n-Alkanes

The dominant n-alkanes had stable carbon isotope ratio values from -34
to -25%0 (Table 3.3; Fig. 3.3a). As these long chain alkanes are not common
in marine organisms (Chikaraishi and Naraoka, 2003; Mead et al., 2005) and
hopane and CPI analysis indicated only a very minor contamination from pe-
troleum n-alkanes, if at all, we are confident that the observed trends for the
n-alkane carbon stable isotope composition are related to a nearly exclusive
terrestrial origin of the compounds.

Most obvious is a trend to less negative stable carbon isotope composi-
tion from north to south, which runs virtually parallel for the three individual
n-alkanes depicted (Fig. 3a). This is caused by a dominant contribution of
C; plant derived material by the forest vegetation in the north and an increas-
ing contribution of C, plant material from arid grassland further south. The
most negative values were observed off the Ogooué and Congo River
mouths, with the values being 1.1 to 3.3%0 (2% on average) lower than for
the other locations off the rain forest. These low values may be related to
either one of two phenomena or a combination of both. First, there may be a
more pronounced dominance of Cz plant contribution off the river mouths,
reflecting the vegetation in the catchment area. For the other locations off the
rain forest area, the Cs plant signal may be slightly overprinted by an eolian
C4 plant signal from savanna regions. Another possible explanation may be
the heterogeneity in stable carbon isotope signature of the rain forest plants.
Plant parts growing under the canopy show more negative §*3C values than
those of the tree crowns. Thus, rivers may predominantly transport the more

negative signal of the understory rain forest, whereas the wind contribution
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3. Sediment transect I: n-Alkane chain length and 5*°C ratios

Table 3.3 Stable carbon isotope composition of major terrestrial n-alkanes
with standard deviation (SD) of measurements as well as the weighted mean
average (WMA).

n-C,g alkane n-Cs; alkane n-Cs3 alkane 13
6 CWMA29-33

No. &C SD sC SD sC SD

1 -316 02 -302 00 -276 0.1 -30.3
2 341 04 -332 02 -306 02 -33.2
3 323 01 -316 01 -289 02 -31.4
4 -320 03 -306 02 -279 03 -30.7
5 -330 00 -323 02 -296 04 -32.1
6 -31.8 02 -31.2 03 -27.7 03 -30.8
7 -308 01 -298 01 -263 0.2 -29.4
8 296 02 -283 01 -260 0.1 -28.3
9 279 02 270 02 -256 0.3 -26.9
10 -282 01 -268 03 -258 0.2 -26.9
11 271 02 252 01  -247 0.2 -25.5
12 -282 03 -256 01 -249 0.2 -26.0
13 -286 00 -261 01 -249 0.2 -26.3

(more strongly inherited at locations away from river deltas) reflects the abra-
sion of isotopically less negative plant constituents of the upper canopy. The
assumed C3 “river signal” for the stable carbon isotope composition was not,
however, paralleled by the ACL values. The reason for this discrepancy is
unknown.

At all locations, the 8'3C values increased from Cog to the longer homo-
logues, since C4 plants produce higher proportions of longer n-alkanes than
Cs species (Rommerskirchen et al., 2006b; Vogts et al. 2009). At the north-
ern sites, the 8*3C values of Cg; were closer to those of C,g, Whereas they
resembled more the values for Cs; at the southern sites (Fig. 3.3a). The trend
to less negative values from equatorial to southern sites was even more pro-
nounced for Cs;. This shift relative to the other homologues reflected the pre-
dominant C3 plant-derived origin at the northern sites and the increasing con-
tribution of C4 plant material in the south. Not only for Cy9 but also for the
other n-alkanes, are our 8'C values similar to those in the other available
datasets (Rommerskirchen et al., 2003; Scheful’ et al., 2004).

A combined plot of our results for C,g together with literature data from

the same region (Huang et al., 2000; Rommerskirchen et al., 2003; McDuffee
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Fig. 3.3 Results of sediment analysis for the north to south transect with
a) stable carbon isotope composition of dominating n-alkanes (%o) b) calcu-
lated C4 plant abundance based on ACL of n-C,; to n-Cs3 alkanes (ACL27.33,
black squares) as well as on stable carbon isotope composition of n-Cz; al-
kane (black circles), and c) comparison of results for the stable carbon iso-
tope composition of the n-Cyg alkane for our study (black circles) with litera-
ture data (grey symbols).

et al., 2004; Scheful’ et al., 2004) is shown in Fig. 3.3c. This comparison is
restricted to sediments derived from water depths between 500 and 2500 m
in order to minimize possible effects of water column height or length of
transport pathway with increasing distance from the coast. Even though there
is some variation in the combined dataset, the general trend to less negative
stable carbon isotope composition from the equator to the south is recogniz-
able and mirrors the increasing abundance of C4 plant dominated grassland
on the continent. The largest variation in 8*3Cyo values at a given latitude was
observed for the northern part of the study area. This may be related to the
sampling locations being specifically influenced by their proximity to the river
mouths and river plumes, where the amounts of riverine and eolian material

(and accordingly the abundance of C,4 derived material) may vary significantly
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3. Sediment transect I: n-Alkane chain length and 5*°C ratios

over short distances. Despite the variation near the equatorial river sites, our
results corroborate the great potential of the stable carbon isotope composi-
tion of individual n-alkanes for reconstructing the photosynthetic plant types

of the source vegetation.

3.6 Reconstructing C4 plant contribution

3.6.1 Calculations based on 6=C values

On the basis of n-alkane parameters, binary mixing models can be used to
calculate the abundance of C, plant material in sediments. A crucial part of
such calculations is the availability of proper plant end member data. While
Rommerskirchen et al. (2006b) presented such data for C, grasses, Cz plant
values are more heterogeneous and differ between rain forest and savanna
plants (Vogts et al. 2009). As an approximation we chose end member val-
ues for C3 plants which constitute an averaged value of rain forest and sa-
vanna plant weighted ratios and which lie between the §**C values employed
in other studies (Rommerskirchen et al., 2003; Scheful3 et al., 2004). End
member values and results are compiled in Table 3.4.

The parameter most commonly employed for the calculation of C,4 plant
abundance is the stable carbon isotope composition. The results of our cal-
culations based on the dominant n-alkanes largely depend on the n-alkane
used (Table 3.4). For instance, results obtained from calculations based upon
C,9 and Cj; alkanes differ by up to 19%. But, if the results of the two most
abundant homologues are compared (boldface values in Table 3.4) the dif-
ferences in C4 plant calculation do not exceed 10% in our data set. Despite
these variations, our results based on stable carbon isotope data resemble
those based on pollen abundances and stable carbon isotope compositions
of n-alkanes and n-alkan-1-ols presented by Rommerskirchen et al. (2003)
and Scheful} et al. (2004).

Based on Cj;, a C4 abundance of ca. 30% was calculated for the equa-
torial locations with lower C4 plant abundance (20%) off the major rivers
(Fig. 3.3b). This means that at none of the locations do the sediments exhibit

an exclusive Cj rain forest signal and that C, plant material was transported
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Table 3.4 End member data and results for calculations of abundance of C4
plant derived material at the sample locations.

Calculation based on

End member data §Co §Cay §Cas §"*Cuwmazs.33 ACL s 35
Csplants @ -35.4 -35.7 -35.3 -35.6 29.74
C, grasses b -21.6 -22.1 -22.2 -22.0 30.71
No. Calculated C, plant abundance (%) ©
1 29 38 57 39 36
2 10 17 36 18 35
3 24 29 48 31 37
4 26 35 55 36 41
5 18 23 43 26 23
6 26 31 57 35 23
7 34 41 66 45 46
8 43 52 69 54 54
9 55 61 72 64 89
10 53 63 70 64 89
11 61 75 78 74 93
12 53 72 77 71 94
13 50 68 76 69 93

4 Averaged values of rainforest and savanna plant average (Vogts et al., 2009).
bAveraged values of C, grasses(Rommerskirchen et al., 2006b).
°Boldface values refer to the two most abundant homologues.

to all of the sites, either by eolian transport or from C4 plants growing in the
rain forest region (e.g. swamps with papyrus). For the southern sites, a
C.4 plant abundance of ca. 70% was calculated (Fig. 3.3b).

As some studies also employed weighted mean averages of stable car-
bon isotope ratio values for the calculation of C,4 plant abundance, we applied
this method to the C,; to Css range (not displayed) as well as Cyg to Cs3 al-
kane range (Table 3.4). The results closely resemble those obtained from
calculations based on Cgs;. Thus, at least for the present dataset, no addi-

tional benefit of weighted mean average calculations was observed.

3.6.2 Calculations based on ACL
Studies of the n-alkane characteristics of African plants have shown that not
only the 8*3C values, but also ACLys.35 values differ significantly between Cs

and C4 plants (Rommerskirchen et al., 2006b; Chapter 2). Thus, we also em-
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ployed this parameter for the calculation of C4 plant abundance in order to
elucidate if it can be used for the estimation of C, plant contribution
(Table 3.4). Fig. 3.3b shows that for the samples from the northern locations
the results resemble those based upon the stable carbon isotope composi-
tion. In contrast, for the southern sites abundances of >90% C, material were
calculated from ACLs.35 values, compared to a value of 75% derived from
stable carbon isotope compositions.

This discrepancy may partly be caused by limitations of the used end
member data. The approach of this study did not take into account that the
plant database shows a wide range of ACLs.35 values of C3 plants and that
some species can dominate the vegetation in a region and thus also the con-
tribution to the continental margin sediment. For instance, the biome of the
Mopane Woodlands is dominated by Colophospermum mopane which exhib-
its ACLys.35 values >31 (Vogts et al., 2009). Furthermore, shrubs and herbs
become more abundant towards the south. Plants of these growth forms also
synthesise n-alkanes with longer chains than do trees (Vogts et al., 2009).
Despite these limitations, changes in C4 grass contribution to the sediments
in this region can be addressed not only by §'3C ratios but to some extent

also from ACL,s.35 values.

3.6.3. Discussion of the calculated C4 plant contribution
In order to evaluate how the abundance of the C, signal in the sediments can
be explained by contributions from continental vegetation, the calculated val-
ues based on C3; were correlated with a map based on satellite-derived land
cover maps which presents the proportion (%) of continental vegetation that
uses the C,4 plant pathway (Still and Powell, 2010; Fig 3.4). The contribution
of rivers, as well as the wind trajectories (Dupont and Wyputta, 2003), were
taken into account. Postulated origins and the amount of contributions lead-
ing to the observed values are compiled in Table 3.5.

C4 plant abundance of 17 to 38% calculated for locations one to four do
not reflect the C4 plant abundance in the rain forest area of the same latitude,
where the C4 plants maximally form 10% of the vegetation along the equator,

increasing to 20% further south. Thus, an additional long range transport of
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Fig. 3.4 Colour-coded map of proportion (%) of continental vegetation using
C,4 pathway (Still and Powell, 2010) with wind trajectories (Dupont and Wy-
putta, 2003) and sampling locations. White areas represent either 100% C3
vegetation (e.g. Central African rain forest) or absence of vegetation (Namib
Desert).

eolian material by, e.g. Harmattan winds from northern central Africa, needs
to be taken into account and which may contribute material with
80% C, signature. This effect should be highest for the northern site (40%),
decrease further south (20%) but should no more be of significance off the
Ogooué river (10%), where the fluviatile signal dominates the sediment mate-
rial. The C4, abundance calculated from the sediment (23%) at location five
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Table 3.5 Tentative scenarios for calculation of C,4 plant contribution to sediments from data for river discharge, wind trajectories
(Dupont and Wyputta, 2003) and map of the proportion (%) of continental vegetation using the C, pathway (Still and Powell,

2010).
Calculated C, plant C, plant Calculated C, plant
contribution to location Contribution abundance contribution to location
No. based on 613C31 Postulated contribution to location contribution based postulated contribution

1 38 Continental vegetation signal of rain forest 60 10 38
Long range transport by e.g. Harmattan winds 40 80

2 17 Ogooue river outflow 90 10 17
Long range transport by e.g. Harmattan winds 10 80

3 29 Continental vegetation signal of rain forest 80 20 32
Long range transport by e.g. Harmattan wind 20 80

4 35 Continental vegetation signal of rain forest 80 20 32
Long range transport by e.g. Harmattan wind 20 80

5 23 Congo river outflow 100 20 20

6 31 ESE wind trajectories passing over area with abundant C, 20 70 30
ESE wind trajectories passing over area with abundant C; 80 20

7 41 ESE wind trajectories passing over area with abundant C, 40 70 40
ESE wind trajectories passing over area with abundant C; 60 20

8 52 ESE wind trajectories passing over Cs/C, transition zone 100 50 50

9 61 E wind trajectories passing C, dominated areas 80 80 68
E wind trajectories passing C; dominated coastal areas 20 20

10 63 E Wind trajectories passing C, dominated areas 80 80 68
E Wind trajectories passing C; dominated coastal areas 20 20

11 75 E Wind trajectories passing C, dominated areas 100 80 80

12 72 ENE Wind trajectories passing C, dominated areas 100 80 80

13 68 Low contribution by wind from cape flora and grassland 30 60 67
Orange river signal transported by Benguela Current 70 70
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3. Sediment transect I: n-Alkane chain length and §*3C ratios

off the Congo River corresponds well with the C, plant abundance in the
catchment area (20%). Apparently, the intense river drainage overprints any
contribution of windblown material of different origin.

For locations six to eight the calculated C4 plant contribution (30 to
50%) does not resemble the continental abundance of C4 plants in the area
of the same latitude of maximal 20%. However, an eolian contribution from
east-southeast explains the observed values, as the wind trajectories pass
partly over areas with greater C, plant abundance. Further south, corre-
sponding to ocean margin sites nine and ten, vegetation was divided into a
more C3 dominated region closer to the coast and a high C4 plant abundance
further inland. The latitudinally blowing wind transported this mixture of plant
material to the sediments, leading to the observed values of about 60%.

Locations eleven and twelve revealed the highest abundances of
C, material in the sediments, with values of >70%. This reflects the high
abundance of C,plants transported from the continent to the sediments by
nearly latitudinal winds for location eleven and wind blowing from east-
northeast for location twelve, respectively. The southernmost site 13 showed
slightly lower C4 plant abundance, which did not reflect the still high abun-
dance of C, material on the inner continent. Instead, a contribution by the
Orange River plume may have caused a lower C4, abundance for this site
because along rivers C3 plants are relatively more abundant. Furthermore,
wind contributions from the Cs-dominated Cape flora may add additional C3
material but eolian contribution in the region is not a dominant factor as winds
mainly blow towards the continent.

The explanations presented are tentative and, for instance, do not take
into account the possibility that a higher amount of material from coastal
vegetation compared to plants from inland areas may reach the sediments.
Furthermore, due to limitations of the remote sensing approach, the map of
continental vegetation that uses the C,4 plant pathway (Still and Powell, 2010)
slightly overestimates the C, plant abundance in some regions and does not
take into account the land cover density. However, reasonable explanations
and quantifications for the calculated abundance of C4 plant material in the

sediments were obtained especially for sampling locations where the calcu-
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lated C,4 plant contributions exceeded the abundance of these plants on the

continental area of the same latitude.

3.6.4 Influence of environmental factors on C,4 plant abundance
The C,4 plant abundance is the result of a complex interplay of several pa-
rameters of which temperature and light are primary needs of C4 plants
(Sage, 2001). In the study area these parameters are not the limiting factors
and secondary aspects like aridity, seasonality of rainfall, edaphic character-
istics, fire and grazing stress are also important. In order to elucidate if the
C4 plant contribution to the sediments correlated with environmental condi-
tions like mean annual precipitation or aridity in the continental catchment
areas, the environmental parameters were determined for various locations
on the continent (Table 7.7). The aridity index was calculated according to
UNEP (1992) as a quotient of mean annual precipitation and potential annual
evapotranspiration in order to elucidate not only the actual precipitation but
the dryness the plants have to tolerate. Climatic parameters were calculated
with the WebWIMP modelling program (Matsuura et al., 2003) with a resolu-
tion of 0.5°, which corresponds to roughly 50 km distance. For sampling sites
one to five, nine to eleven and 13 the continental locations were at the same
latitude as the sampling locations, whereas for sites six to eight locations in
an east-southeast direction and for site twelve locations in east-northeast
direction corresponding to the wind trajectories were used.

Climatic parameters were calculated for locations from 150 km to
400 km inland (every 50 km, Table 7.7). A minimum distance of 150 km was
employed to avoid the influence of coastal climate, such as low precipitation
due to cold coastal temperatures in regions of coastal upwelling. As the envi-
ronmental parameters for material transported over very long distances are
difficult to assess, these contributions were not taken into account, which
may bias the correlations. Pearson correlation factors from these calculations
are compiled in Table 3.6. For all parameters, high negative correlation fac-

tors were obtained for all distance intervals. Correlations are significant at the
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Table 3.6 Pearson correlation coefficients (r)* of C4 material abundance in
sediments calculated from the stable carbon isotope composition of the n-Cz;
alkane with mean annual precipitation and aridity index in postulated punc-
tual catchment areas on the continent (Table 7.7).

Distance to coast
150 km 200 km 250 km 300 km 350 km 400 km
Mean annual precipitation  -0.83 -0.88 -0.91 -0.92 -0.94 -0.94
Aridity index " -0.69 -0.78 -0.86 -0.89 -0.92 -0.91

4Bold values are significant at 99.9% level (p < 0.001), others are at 99% level (p < 0.01).
® Calculated according to UNEP (1992) as quotient of mean annual precipitation and poten-
tial evapotranspiration.

99.9% level (p <0.001) for nearly all locations. An approximate distance of
350 km from the coast afforded the highest correlation coefficients, indicating
that the main catchment area may be this region. For this distance interval
scatter plots are displayed in Fig. 3.5.

The significant correlations of mean annual precipitation and aridity in-

dices with calculated C4 plant contribution suggests that, at least in this re-
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Fig. 3.5 Correlation of contribution of C4 plant material calculated from stable
carbon isotope composition of the n-Cs; alkane with a) mean annual precipi-
tation and b) aridity index of catchment area. Climatic parameters are com-
piled in Table 7.7 and based on calculations for continental locations of ca.
350 km distance to coast with WebWIMP modelling program (Matsuura et
al., 2003). Correlations are significant at 99.9% level (p < 0.001).
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gion, precipitation is a major factor influencing the C, plant abundance. The
observed correlation may be useful for inferring ancient precipitation amounts
and/or assessing the changing aridity of continental regions from calculated
C, abundances if the other factors (temperature, light, seasonality of rainfall,
edaphic characteristics, grazing and fire intensity as well as atmospheric CO,

concentration) were similar to recent conditions.

3.7 Conclusions

This study corroborates the potential of long chain n-alkanes for the recon-
struction of continental vegetation. From the equator to the south characteris-
tic trends to longer chain length and less negative stable carbon isotope ra-
tios were observed in ocean margin sediments along the southwest African
continent. Both characteristics can be used to assess the contribution of C4
material to the sediments because stable carbon isotope compositions as
well as chain lengths distinguish C3; from C, plant wax n-alkanes. The calcu-
lated values for C4 plant contribution show reasonable correlations with C4
abundance of postulated continental catchment areas if non-latitudinal eolian
transport is taken into account.

The C, contribution to the sediments correlates significantly with the
mean annual precipitation and the aridity indices in the catchment areas.
Thus, the n-alkane characteristics may constitute useful indirect proxies for
reconstructing the aridity on the continent via the determination of the C,4

plant abundance.
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4. Stable hydrogen isotopic compositions of land
plant-derived n-alkanes in marine sediments reflect

oD values of continental precipitation

Angela Vogts, Tanja Badewien, Jurgen Rullkétter, Enno Scheful
This chapter was prepared for submission to Geochimica et Cosmochimica Acta.

4.1 Abstract

In order to explore the potential of the hydrogen isotope compositions of ter-
restrial biomarkers preserved in ocean sediments as proxies for continental
hydrological conditions, a transect of marine surface sediment samples from
1°N to 28°S off southwest Africa was analysed. The conditions on the adja-
cent continent range from humid evergreen forest over deciduous forests,
wood- and shrubland to arid grasslands and deserts. The hydrogen isotope
ratios of the dominant n-alkanes (C,g, C3; and Cg3) vary from -123 to -141%e.
Despite the huge gradient of continental conditions and vegetation character-
istics the hydrogen isotope ratios correlate with the modelled hydrogen iso-
tope composition of mean annual, growing-season and end of growing-
season precipitation of continental source areas along postulated transport
pathways. For mean annual precipitation values best correlations were ob-
tained for continental source areas at 250 km distance from the coast and the
n-Cs; alkane. Neglecting potential inconsistencies in catchment area defini-
tions the apparent fractionations especially between the n-C,9 and n-Cs; al-
kanes and mean annual precipitation are remarkably uniform along the tran-
sect (-109+3 and -115+3%o, respectively) despite the significant differences of
environmental conditions and vegetation. Thus, this study extends the poten-
tial of hydrogen isotope ratios of leaf wax n-alkanes preserved in sediments
for palaeo-climatic studies towards biomarkers preserved in ocean margins.
Their hydrogen isotope ratios can directly be converted to 6D ratios of an-
cient precipitation to elucidate changes of the hydrogen isotope composition

of precipitation on the adjacent continent and their climatic control.

88



4. Sediment transect Il: n-Alkane stable hydrogen isotope composition

4.2 Introduction

Ocean margin sediments are most valuable archives for palaeo-climatic stud-
ies as they can provide long, undisturbed records of climate-dependent
changes in sediment characteristics like, e.g., the molecular chemical com-
position of its constituents. But before ancient climate conditions can be as-
sessed from sediment cores the way present-day conditions are reflected in
recent sediments needs to be evaluated. Reliable and widespread molecular
biomarkers with a good potential for palaeo-environmental studies are land
plant-derived wax constituents. Plant waxes cover all aerially exposed organs
of higher land plants, and in virtually all plant waxes n-alkanes, which are in
the focus of this study, are abundant (Tulloch, 1976). After the decay of
plants the wax components can be stored in intermediate reservoirs or di-
rectly transported by wind and rivers to lake or ocean sediments. In these
archives the n-alkanes can be preserved over geological time scales and
may constitute an integrated signal of the plant wax composition in the
catchment area.

The hydrogen isotope ratios of biomarkers from land plant waxes have
been considered a proxy for the corresponding composition of precipitation
and the hydrologic conditions (e.g. Xie et al., 2000; Yang and Huang, 2003;
Dawson et al., 2004; Liu and Huang, 2005; Scheful3 et al., 2005; Sachse et
al., 2006; Shuman et al., 2006; Aichner et al., 2010). Hydrogen atoms intro-
duced to plant wax molecules during photosynthesis derive from plant water
and plant water in turn is controlled by soil water, which is the only source for
water in most plants and originates from precipitation. The hydrogen isotope
signature of soil and plant water is, however, also influenced by evaporation
and evapotranspiration (Sternberg, 1988). Additionally, it has been inferred
that the 4D values of plant water can be influenced to different extents by the
plant characteristics like ecological life form (tree, shrub, grass; Liu et al.,
2006; Liu and Yang, 2008) and the metabolic pathway employed
(C3/C4/CAM; Chikaraishi and Naraoka, 2003; Bi et al., 2005; Smith and
Freeman, 2006; Feakins and Sessions, 2010b). Despite these potentially
obscuring multiple effects, the stable hydrogen isotope compositions of plant

lipids in lake sediments exhibited a linear or nearly linear relationship to the
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oD ratios of source waters corroborating the idea that fossil lipids may serve
as a direct proxy for source water hydrogen isotope characteristics (Sachse
et al., 2004; Hou et al., 2008).

In order to explore the potential of the hydrogen isotope composition of
n-alkanes preserved in ocean margin sediments as a proxy for continental
hydrological conditions, a transect of marine surface sediment samples from
1°N to 28°S off southwest Africa was analysed. Africa, especially the western
part with its distinct latitudinal distribution of vegetation zones and climatic
conditions, constitutes an ideal test case for such a study. Sediment samples
recovered from similar water depths (ca. 1300 m) were used to minimise
possible effects of different transport distances from the continent or water
column height. The hydrogen isotope composition of the three dominant
n-alkanes (n-Cag, N-C31, and n-Czz) was measured and compared to that of
continental precipitation derived from modelling approaches (Bowen and Re-
venaugh, 2003; Bowen et al., 2005). To our knowledge this is the first marine
sediment transect evaluating how the hydrogen isotope composition of
n-alkanes preserved in ocean margin sediments mirrors the corresponding
composition of continental precipitation. This information is essential for reli-
able reconstructions of the stable isotope composition of ancient precipitation

and its climatic control.

4.3 Material and Methods

4.3.1 Sediment material

We analysed 13 marine surface sediment samples that constitute an iso-
bathic (ca. 1300 m) north to south transect (1°N to 28°S) along the south-
western African continental margin. The samples were retrieved during
cruises M34/2 and M41/1 of the German research vessel Meteor in 1996 and
1998, respectively, and recovered by multicorer to receive the undisturbed
surface layers. The multi-cores were separated into depth intervals, the sec-
tions sealed in polyethylene bags and stored at -20°C on board and after-
wards at the University of Bremen. Sampling locations are displayed in
Fig. 4.1, and more detailed sample information is compiled in Table 4.1.
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Fig. 4.1 Simplified present-day land cover map based on Mayaux et al.
(2004) with sampling locations, clusters of wind trajectories based on Dupont
and Wyputta (2003), and graphs of environmental parameters calculated for
locations with 250 km distance to the coast with the WebWIMP modelling
program (Matsuura et al., 2003). Latitude and longitude of locations as well
as values for environmental parameters are compiled in Table 7.8.

4.3.2 Analytical methods

The procedures for the isolation of aliphatic/alicyclic hydrocarbons from the
marine sediments are described in Chapter 3.3.2. Branched compounds
were separated from the straight-chain hydrocarbons by urea adduction.
Stable hydrogen isotope compositions of the n-alkanes were analysed by gas
chromatography (GC, Agilent 6890) coupled to a Thermo Scientific MAT 253
ir-MS via a combustion interface (GCC-IIl). The GC instrument was equipped
with a 30 m capillary column (J&W, DB-5, 0.25 mm i.d., 0.25 um film
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Table 4.1 Compilation of sample information.

No. GeoB No. Latitude Longitude Water depth (m) Cruise Interval (cm bsf)"
1 4904-6 0.962°N 8.88°E 1349 M41/1 05-2
2 4906-4 0.69°S 8.378°E 1272 M41/1 1-2
3 4909-3 2.068°S  8.625°E 1305 M41/1 0-1.5
4 4912-3 3.73°S 09.785°E 1298 M41/1 0-1
5 4913-3 5.503°S 11.072°E 1296 M41/1 0-25
6 4915-2 7.75°S 11.873°E 1306 M41/1 05-2
7 4916-3 10.173°S 12.687°E 1294 M41/1 0-1
8 4917-4 11.903°S 13.073°E 1300 M41/1 05-25
9 3713-1 15.628°S  11.58°E 1330 M34/2 15-25
10 3715-2 18.955°S 11.057°E 1203 M34/2 1-35
11 3706-3 22.717°S 12.602°E 1313 M34/2 05-15
12 3705-3 24.303°S 12.997°E 1308 M34/2 05-2
13 3701-1 27.952°S 14.003°E 1488 M34/2 05-15

! Analysed sediment interval in cm below sea floor.

thickness), the injector temperature was programmed from 60°C (5s) to
305°C (120 s) at 10°C s and the GC oven was programmed from 60°C
(2 min) to 300°C at a rate of 3°C min™, followed by an isothermal phase of
36 min. Isotope ratios are expressed as 3D values in per mil (%o) relative to
Vienna Standard Mean Ocean Water (V-SMOW).

Calibration of isotope analysis was performed by injecting several
pulses of reference gas (H;) at the beginning and at the end of each run and
by measurement of a standard mixture between sample runs. The standard
mixture contained lab standards and certified standard substances which
together span a range of -50%o to -250%. (normalised to the V-SMOW/SLAP
isotope scale). For eleven standard substances (fatty acid methyl esters and
alkanes) in the retention time interval of the target compounds the precision
for replicate analyses expressed as averaged standard deviation was 3.5%s,
and the averaged absolute error was 2.1%o. (n = 33). Analyses of samples
were run at least in triplicate with standard deviations better than 3.5%o (2.1%o
on average, n = 60). Eicosanoic acid methyl ester (certified) and docosanoic
acid methyl ester (lab standard) of known hydrogen isotope composition
were added to the samples and used for quality control, but standard devia-
tions for these internal standards were higher (7.6 and 6.7%o, respectively).

This is attributed to coelution of sample components with the standards.
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4.4 Regional setting

4.4.1 Hydrological conditions in southwest Africa

To depict environmental conditions in the study area Fig. 4.1 provides
values for mean annual precipitation amount, potential evapo-
transpiration (both calculated with the WebWIMP modelling program;
http://climate.geog.udel.edu/~wimp/) as well as aridity index (calculated ac-
cording to UNEP, 1992). The tropical climate is governed by the seasonal
migration of the ITCZ in response to changes in the latitudinal maximum of
solar heating. Along the equator a humid zone without definite dry periods
and mean annual rainfall of 1500 mm and more prevails (Fig. 4.1a). Further
south, mean annual precipitation decreases gradually and the climate is
monsoonal, with austral summer rains and winter drought. Subtropical de-
serts follow where precipitation is scarce. For instance, parts of the Namib
Desert receive less than 100 mm precipitation per year (Richard and Poc-
card, 1998). South of 32°S mean annual precipitation increases again due to
the equatorward displacement of the mid-latitude Westerlies during austral
winter causing highest precipitation during winter and dry summers.

The hydrogen isotope composition of the precipitation varies with mois-
ture source, altitude, amount of precipitation and degree of continentality
(Gat, 1996). The model-based map of mean annual 6Dp (hydrogen isotope
composition of precipitation) mirrors the interplay of these factors leading to
ratios ranging from relatively positive values in the rain forest region over
more negative values south of the Congo River to more positive ratios south
of 20°S (Bowen and Revenaugh, 2003; Fig. 4.2). The dDp Iin Africa varies
with season by up to 60%o. but for the postulated catchment areas relevant to
this study the difference of growing season or end of growing season &Dp
and mean annual 6Dp does not exceed 11%o (Fig. 4.2a).
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Fig. 4.2 Stable hydrogen isotope composition of (a) precipitation at 250 km
distance from the coast in postulated catchment areas indicated by black
squares in the map, latitude and longitude are compiled in Table 7.7,
(b) n-alkanes dominating the aliphatic fraction of the sediment samples as
well as (c) apparent fractionation between n-alkanes and mean annual pre-
cipitation, vertical lines represent g, of -109 (grey) and -115%0 (green), (d)
contribution by C4 plants to the sediments calculated from the weighted mean
averaged stable carbon isotopic composition of n-alkanes (Table 3.3, Chap-
ter 3), and map of southwest Africa showing sampling locations as well as
hydrogen isotope composition of mean annual precipitation (Bowen and Re-
venaugh, 2003). Clusters of wind trajectories based on Dupont and Wyputta
(2003).

4.4.2 Vegetation of southwest Africa

In general, there is a clear gradient from dense evergreen biomes to dry
open land-cover from the equator to the subtropics, corresponding to the
mean annual rainfall gradient (Mayaux et al., 2004). Looking southwards

from the equator, the vegetation of southwest Africa ranges from evergreen
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rain forest through dry evergreen and deciduous forests, wood- and shrub-
lands, grass- and croplands to deserts (simplified map: Fig. 4.1). At the high
latitude southern African coast woody species become abundant again form-
ing the unique Fynbos vegetation.

Rain forest vegetation is characterised by woody C3 plants as major
representatives of the flora (Richards, 1996). The evergreen rain forest ex-
tends to about 9° S and is increasingly confined to river valleys towards its
limits. Then, dry evergreen forests and further on forests with deciduous
plants gain importance. The closed forest (no grass cover on the ground)
often abruptly passes into a wide zone of savanna wood- and shrub-land
(Richards, 1996). In these savanna regions deciduous woody species can
cover up to 60% of the area (Cole, 1986) but the amount of woody C3 vege-
tation decreases with increasing aridity, accompanied by increasing C4 grass
abundance. In the semi-deserts on the African Plateau (Kalahari and Nama
Karoo) C, grasses dominate the vegetation while in the dry coastal Namib
Desert the vegetation is very sparse. In the Succulent Karoo succulent plants
employing the Crassulacean Acid Metabolism (CAM) dominate but as CAM
is generally a strategy for stress survival and not for high productivity, the
contribution of CAM-utilising plants to biomass production, and thus also to

geological archives, is negligible (Luttge, 2004).

4.4.3. Transport pathways and catchment areas for plant wax lipids
Modelled eolian transport pathways of terrestrial components were presented
by Dupont and Wyputta (2003) for wind-born material reaching sediments off
southwest Africa (6°S to 30°S, implemented in Figs. 4.1 and 4.2). The main
transport away from the continent occurs during austral fall and winter when
south-easterly to north-easterly winds prevail. For the equatorial sites there
may be some mid-tropospheric transport by Harmattan winds from north-
central Africa. South of 25°S, wind blows mostly from the west and southwest
and thus, eolian supply of terrigenous material is very small (Dupont and
Wyputta, 2003).

Also rivers transport large amounts of dissolved and particulate organic

matter to ocean sediments near river mouths, and it has been shown that
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n-alkanes in marine sediments off rivers reflect the vegetation in adjacent
river catchments (Bird et al., 1995; Scheful} et al., 2004; Weijers et al., 2009).
In the study area the Congo River system is the largest and also the second
biggest in the world regarding the outflow at the mouth (Dai and Trenbeth,
2002). The outflows of the Ogooué (ca. 1°S) and the Orange (28.5°S) are
lower by a factor of ca. ten, and even lower by a factor of 50 or more for other
rivers (e.g. Kunene; 17°S; Heyns, 2003; Nilsson et al., 2005). However, the
river outflow data only reflect the quantity of water and not the amount of
n-alkanes transported. Quantitative data on the contribution of n-alkanes to

deep sea sediments by these rivers are not available.

4.5. Results and Discussion

4.5.1 Hydrogen isotope composition of n-alkanes

In all samples, the n-C,9 n-C3; and n-Czz alkanes (hereafter abbreviated Coo,
Cs1 and Cgs3) are the most abundant homologues (Chapter 3.5.1). The stable
hydrogen isotope composition of these compounds varies from -123 to
-141%0 (Table 4.2, Fig. 4.2b). The observed values are slightly more positive
than ratios for C,g in core-top material of a sediment core recovered off the
Congo River mouth (ca. -145 %o, Scheful} et al., 2005). As studies of marine
organisms do not show any significant abundances of these long-chain al-
kanes (Chikaraishi and Naraoka, 2003; Mead et al., 2005) and hopane and
carbon preference index analyses indicate the presence of constant but only
very small amounts of petroleum n-alkanes (Chapter 3.5.1), the observed
variations of the n-alkane stable hydrogen isotope compositions are nearly
exclusively related to the source land plants.

The 8D ratios of Cyg (8D29) vary by only 10%o but the variations of 6D3;
and D33 are higher (15%o). A slight trend was observed from negative values
at the northernmost site to more positive values for the sites off the rain forest
to again more negative values south of the Congo River mouth whereas the
highest values for all homologues were measured for the samples from the

southernmost site (Fig. 4.2b). Among the n-alkanes of a given sampling
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Table 4.2 Stable hydrogen isotope composition of major terrestrial n-alkanes
and weighted mean averaged stable hydrogen isotope composition (WMA)
with standard deviation (SD).

n-C,g Alkane n-Cs; Alkane n-Cs; Alkane WMAg.33
No. D (%0)" SD (%0) 8D (%o)" SD (%0) 8D (%0)" SD (%0) 8D (%0) SD (%o)
1 -133 2 -139 2 -140 3 -136 2
2 127 2 -134 2 -127 3 -130 2
3 -127 2 -131 3 -128 3 -129 2
4 -127 2 -132 1 -129 1 -130 2
5  -131 2 -134 2 -132 3 -132 2
6  -131 2 -139 1 -132 2 -134 2
7 -129 0 -139 2 -139 1 -135 1
8  -133 1 -140 1 -139 3 -137 2
9  -133 3 -133 2 -135 2 -134 2
10  -129 2 -139 2 -141 2 -137 2
11 -130 2 -138 3 -136 1 -135 2
12 -131 2 -137 1 -137 3 -136 2
13 -123 2 -126 2 -127 3 -126 2

" Boldface values refer to the two most abundant homologues.

location 3D,g is most positive in the majority of cases and 6D3; is 5%o0 more
negative on average. D33 resembles 6D3; except for locations 2 to 5 where

the values are similar to those of Cao.

4.5.2 Correlation with the D signal of precipitation

To elucidate possible correlations of the oD ratios of the sedimentary
n-alkanes with those of precipitation (6Dp) the online isotopes-in-precipitation
calculator (OIPC 2.2, Bowen and Revenaugh, 2003) was employed to deter-
mine the 6D values of mean annual precipitation (Table 4.3). Calculations
were made for equidistant locations along postulated main contribution path-
ways (Table 7.7), which are based on wind trajectories presented by Dupont
and Wyputta (2003). Thus, locations of the same latitude as the marine sam-
pling sites (sites 1 to 5, 9 to 11, and 13), along east-southeast trajectories
(sites 6 to 8), or along east-northeast trajectories (site 12), respectively, were
selected. The sites on the continent had a distance to each other of 0.5° (ca.
50 km) starting at approximately 100 km from the coast to exclude possible

effects of coastal climate. Previous analyses of continental margin sediments
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Table 4.3 Hydrogen isotope composition of mean annual and growing-season precipitation for continental locations (Table 7.7)
and Pearson correlation coefficients for linear correlation with n-alkane stable hydrogen isotope composition.

Approximate distance from shore (km)
100 150 200 250 300 350 400 250 250

Hydrogen isotope composition of precipitation (95 % confidence interval) in %o’
Last month of

No. Annual mean Annual mean Annual mean Annual mean Annualmean Annual mean Annual mean igzvglonr? growing
season

1 -24 (4) -23 (4) -23 (4) -23 (4) -23 (4) -22 (6) -23 (6) -26 -26

2 -17 (4) -16 (4) -17 (4) -24 (4) -22 (4) -21 (6) -21 (6) -26 -24

3 -16 (3) -18 (4) -17 (4) -19 (4) -25 (4) -27 (5) -25 (5) -20 -17

4 -25 (4) -21 (4) -16 (4) -21 (4) -22 (4) -24 (4) -24 (4) -22 -15

5 -17 (3) -21 (3) -17 (3) -20 (3) -23 (3) 21 (3) -23 (3) -22 -27

6 -11 (4) -13 (3) -16 (3) -26 (3) -24 (3) -30 (3) -25 (3) -27 -27

7 -28 (3) -30 (3) -30 (3) -35 (2) -35 (2) -36 (2) -37 (3) -35 -34

8 -30 (2) -41 (3) -41 (3) -36 (2) -38 (4) -37 (4) -37 (4) -38 -36

9 -18 (2) -31 (3) -31 (2) -32 (2) -30 (2) -30 (2) -32 (1) -37 -43

10 -21 (6) -28 (5) -26 (5) -25 (5) -24 (5) -24 (5) -24 (5) -29 -33

11 -17 (4) -20 (3) -25 (3) -25 (3) -25 (3) -25 (3) -24 (3) -30 -33

12 -10 (5) -17 (4) -20 (4) -25 (4) -22 (4) -28 (4) -26 (5) -30 -33

13 -12 (4 -15 (4) -16 (4) -16 (4) -19 (4 -18 (4 -17 (4 -20 -18

r (n-Cye alkane)? 0.24 0.49 0.54 0.60 0.46 0.47 0.53 0.63 0.72
r (n-Cs; alkane)? 0.42 0.45 0.56 0.67 0.53 0.59 0.55 0.62 0.58
r (n-Cg; alkane)? 0.43 0.62 0.68 0.61 0.49 0.47 0.53 0.65 0.72
r (8Dwmaze-33)” 0.35 0.54 0.64 0.66 0.49 0.52 0.54 0.69 0.75

' Confidence intervals not available for monthly values.
8 Bold italic numbers: Correlation significant at the 99 % level. Italic numbers: Correlation significant at the 95 % level.
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4. Sediment transect Il: n-Alkane stable hydrogen isotope composition

revealed a reasonable correspondence between the C, species abundance
in the postulated catchment areas and the contribution of C, plant derived
components to the sediments (Chapter 3.6.3). The calculated hydrogen iso-
tope ratios of mean annual continental precipitation show a good correlation
with the 8D ratios of the individual and weighted mean n-alkane ratios (Table
4.3). The range of 6Dp for the continental locations (max. 28%o) is higher than
the range of hydrogen isotope ratios for sedimentous alkanes (max. 15%.).
This may be related to the simplified assumption regarding the catchment
areas as averaging effects over bigger catchment areas can smoothen 6Dp
differences. However, except for 100 km distance from the coast, the correla-
tion coefficients are above 0.45 with a significance of correlation above 95%
in most cases. The highest correlation coefficients were observed for the dis-
tances of 200 and 250 km from the coast. Previous analyses of the same
samples revealed significant correlations (p>99.9%) between the C4 contribu-
tion to the sediments and environmental parameters for the same postulated
catchment locations of 200 to 400 km distance from the coast (Chapter 3).
Thus, this area may represent a major source region contributing to the
sediments even though this is only a simplified approach which does not take
into account that the sediments may receive a mixture of material from this
area with and potentially significant amounts of material from coastal or river-
side vegetation. Also, long-range transport like, e.g., contribution by Harmat-
tan winds from north central Africa was not taken into account, because the
oD ratios of contributions from such wide catchment areas are difficult to as-
sess.

As the precipitation is unevenly distributed across Africa in terms of
amount and stable hydrogen isotope composition, monthly 6Dp was calcu-
lated for locations at approximately 250 km distance from the coast (OIPC
2.2, Bowen et al., 2005). To assess the aspect of seasonality, 6D values for
growing-season precipitation were calculated by averaging monthly values
with respect to rainfall amounts (Table 4.3). Months were attributed to grow-
ing season if the amount of precipitation was higher than potential
evapotranspiration (Table 7.9). Precipitation amount and potential
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Fig. 4.3 Linear correlation of weighted mean averaged 3D ratios of the sedi-
mentary n-alkanes with hydrogen isotope composition of (a) mean annual, (b)
growing-season, and (c) last month of growing-season precipitation for loca-
tions with 250 km distance from the coast in postulated catchment areas.

evapotranspiration were calculated with the WebWIMP modelling program

(Matsuura et al., 2003). For locations with precipitation lower than potential

evapotranspiration in most or all months the three months with the highest

precipitation were taken. The resulting 6D ratios for growing-season precipi-

tation are up to 5 %o (3 %0 on average) more negative than those of mean

annual precipitation (Fig. 4.2b). The correlation of 6Dyg, 6D33 and dDwwma With

hydrogen isotope composition of the growing-season precipitation is slightly

better but lower for 8D3; compared to the correlation with mean annual pre-

cipitation ratios (Table 4.3, Fig. 4.3).

As Sachse et al. (2009) found the n-alkane signal preserved in soils to

be representative of the weeks before leaf senescence, also correlations with

the last month of the growing season were tested and similar or better corre-

lations were obtained except for C3; (Fig, 4.3c, Table 4.3). This is consistent

with studies indicating that leaf waxes are continuously produced during the

lifespan of a plant due to the need of replacing wax components abraised by

mechanical stress (Richardson et al., 2005). In contrast, other studies indi-

cate that the bulk of n-alkanes are synthesized during leaf formation
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4. Sediment transect Il: n-Alkane stable hydrogen isotope composition

(Jetter et al., 2006), and for field-grown barley Sachse et al. (2010) showed
that the hydrogen isotope signature of n-alkanes reflects leaf water 3D at the
time of leaf development. Thus, also correlations of the 46D ratios of the sedi-
ment- derived n-alkanes with the 6Dp ratios for the first and second month of
the growing season were tested but yielded lower Pearson correlation coeffi-
cients (data not displayed). However, it must be taken into account that the
strength of correlation with growing-season precipitation may also be influ-
enced by the seasonality of the prevailing winds which mainly blow towards

the ocean during austral winter (Dupont and Wyputta, 2003).

4.5.3 Apparent fractionation

To further evaluate influences on the correlations described before, the ap-
parent stable hydrogen isotope fractionation (g,) between 8Dp and 6D, (sta-
ble hydrogen isotope composition of lipids) was calculated using the following
equation:

€a = 1000[(8D_+1000)/(8Dp+1000)-1]

Calculations were made using mean annual dDp at 250 km distance
from the coast in postulated catchment areas, because the improvement of
correlations by employing growing-season 8Dp was not consistent for all
homologues. The calculated values from -97 to -120%. (Table 4.4) for this
ocean sediment transect are in the range observed for plants and lake sedi-
ments (e.g., Chikaraishi and Naraoka, 2003; Bi et al., 2005; Polissar and
Freeman, 2010). The graphical presentation of ¢, ratios of the alkanes
(Fig. 4.2c) exhibits similar general trends for C,9 and Cz; with low variation
from sites 1 to 6, more positive values for locations 7 to 9 and more negative
and constant ratios again from locations 10 to 13. The positive ¢, for loca-
tions 7 to 9 may be related to the limitations of the punctual catchment area
assessment because the postulated catchment areas for locations 7 to 9 are
within the continental region of most negative dDp as displayed in the map in
Fig. 4.2. Long-range transport and/or slight changes of wind directories would

contribute material from areas with less negative 6Dp which leads to ¢, ratios

101
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Table 4.4 Apparent hydrogen isotope fractionation (g,) for hydrogen isotope
composition of n-alkanes and mean annual precipitation with standard devia-
tion (SD) for continental locations at 250 km distance from the coast in postu-
lated catchment areas.

NO. €aco9 (%0) SD (%0) €aca1 (%o0) SD (%0) €acas (%o) SD (%o) Eawmaze-33 (%0) SD (%o)
1 -112 4 -118 4 -120 4 -116 4
2 -106 3 -113 4 -105 4 -108 3
3 -110 3 -115 4 -111 4 -112 4
4 -109 4 -114 3 -110 3 -111 3
5 -113 3 -116 3 -115 4 -115 3
6 -108 3 -116 3 -109 3 -111 3
7 -97 2 -108 3 -107 2 -103 2
8 -100 2 -108 2 -107 3 -105 3
9 -105 4 -104 3 -106 3 -105 3
10 -107 4 -117 4 -119 4 -115 4
11 -107 3 -116 4 -113 2 -113 3
12 -109 4 -115 3 -115 4 -113 3
13 -109 3 -112 3 -113 4 -111 4

'Boldface values refer to the two most abundant homologues.

in the range of other samples. Neglecting locations 7 to 9 ¢, is fairly constant
for Cy9 and for Cs; with average ratios of -109+3%. and -115+3%o, respec-
tively (indicated by vertical lines in Fig. 4.2c).The ¢, for Cz3 resembles ¢, of
Cs; for locations 1 and 7 to 13 whereas it is similar to Cyg for locations 2 to 6
(Fig. 4.2c). This indicates that there are different vegetation areas contribut-
ing to the abundance of this alkane in the course of the sediment transect. As
Cs3 is not abundant in trees, shrubs and lianas in the rain forest (Vogts et al.,
2009) it may be derived from other plants of this habitat like, e.g., epiphytes
or grasses in tropical swamps. Analytical data for such plants from the study
region are not available yet but studies for other locations revealed a sys-
tematic difference of apparent fractionations for different ecological life forms
in the sense that for grasses more negative ratios were observed than for
woody vegetation (Liu et al., 2006; Hou et al., 2007). However, the g, of Cs3is
not more negative but more positive than g, of Cs3; for these sites seems to
contradict an origin of C33 from rain forest swamp grasses. Another or an ad-

ditional explanation may be the contribution of long-range transported mate-
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rial (e.g., by Harmattan winds) with different isotope composition. Based on
stable carbon isotope composition, previous results postulated a long-range
contribution of up to 40% to explain the high abundance of C,-plant-derived
alkanes at locations 1 to 4 (Chapter 3.6.3).

The calculated €, values incorporate the effects of soil evaporation,
transpiration and biosynthesis whereas it was hypothesised that the frac-
tionation of hydrogen during biosynthesis of n-alkanes is constant (Sessions
et al., 1999; Sachse et al., 2004; Feakins and Sessions, 2010a). Therefore,
evaporation of soil water and evapotranspiration from the plant are the main
factors influencing the apparent fractionation. As vapour-phase water is de-
pleted in the heavy isotopes relative to the liquid from which it is derived,
strong evaporation at the arid sites leads to higher 8D ratios of soil and plant
water and a lower apparent fractionation between precipitation and n-alkane
ratios. For instance, Aichner et al. (2010) and Smith and Freeman (2006)
found lower fractionation at sites receiving less precipitation. For our conti-
nental locations with 250 km distance from the coast mean annual precipita-
tion decreases from nearly 2000 mm near the equator towards less than
200 mm for the southernmost site. Despite this huge gradient in environ-
mental conditions ¢, is fairly constant and, thus, Pearson correlation coeffi-
cients of €5 and environmental factors are low (Table 4.5). This corresponds
well to studies of soils in China (Rao et al., 2009) and lake sediments in
Europe (Sachse et al., 2004) which also found relatively constant fractiona-
tions over large latitudinal ranges but in these cases g, was more negative

with, -130%o. for C,9 in European lakes. Also lake sediments from evergreen

Table 4.5 Pearson correlation coefficients for apparent fractionation and en-
vironmental parameters (Table 7.7) for locations in postulated catchment ar-
eas at 250 km distance from the coast.

Mean annual Potential Aridity

precipitation Evapotranspiration Index

€acoo’ -0.10 -0.37 0.06
€aca1 -0.12 -0.10 -0.05
€acas’ 0.29 0.08 0.36
EawMA29-33 0.10 -0.09 0.21

! Italic numbers: Correlation significant at the 75 % level.
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forests in America revealed relatively negative ratios of -117 to -128%o but for
lakes in the South American Paramo shrubland ratios of -94 to -122%o for Cag
were observed (Polissar and Freeman, 2010) which resemble the values of
this study.

A possible explanation for the lack of correlation of environmental pa-
rameters with g, are the vegetation characteristics of southwest Africa. Data
for €4 of plants from the study region are not available yet, but the different
€4 Values for grasses and woody vegetation of other environments (Liu et al.,
2006; Hou et al., 2007) are assumed to be applicable to Africa, too, as the
factors causing the differences are also relevant for African plants. One pos-
sible explanation for less negative 6D values of woody plants is the ability of
woody plants to access deeper water (Asbjornsen et al., 2008) witch exhibits
higher 6D ratios (Grieu et al., 2001). An additional factor is the different
evapotranspiration of grasses and trees due to the dissimilar microhydraulic
systems and thickness of the leaves leading to different water use efficien-
cies (Liu and Yang, 2008).

The change from woody vegetation to grasses in the study region is
also a change from C3 to C4 plants (Fig. 4.2d) but the metabolic pathway is
assumed to be of lower relevance for g5 than the the life form effect. For in-
stance, Mclnerney et al. (2011) compiled ¢, ratios of several studies and the
ea for C4 grasses (-145%0) was between those for C3 grasses (170%o0) and
dicotyledenous Cj plants (herbs, shrubs, trees; -120%o). However, g, is not as
constant as the averaged ratios suggest. For subhumid and arid sites in
southern California (precipitation <800 mm a™) Feakins and Sessions
(2010a) found a less negative g, of ca. -90%. for mixed wood- and shrubland
plants, excluding grasses. In contrast, g, of C4 grasses of the North American
Great Plains was above -140%o for locations where precipitation exceeded
350 mm a™* (Smith and Freeman, 2006). This suggests, that there may be an
influence of aridity on g, of Cj plants also in our study region but the effect
may be masked by the increasing abundance of C, grasses which are less
influenced by aridity. This may partly explain the fairly uniform ¢, values in the

studied transect.
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Table 4.6 Contribution of C,4 plants to the alkanes calculated from stable car-
bon isotope composition (Chapter 3) and Pearson correlation coefficients for
correlation with apparent hydrogen isotope fractionation for these alkanes at
every location.

No. % C,basedonC,y % C,based onC;; % C,based on Cs; rt
1 29 38 57 -0.86
2 10 17 36 0.38
3 24 29 48 0.08
4 26 35 55 -0.05
5 18 23 43 -0.10
6 26 31 57 0.25
7 34 41 66 -0.66
8 43 52 69 -0.63
9 55 61 72 -0.83

10 53 63 70 -0.98
11 61 75 78 -0.89
12 53 72 77 -0.99
13 50 68 76 -1.00

titalic numbers: significant at the 75% level
bold italic numbers: Significant at the 90 % level

For our samples the relative contribution of C,4 plants is different for
every alkane (Chapter 3.6.1, Table 3.4) because they are produced in differ-
ent amounts by these plants (Rommerskirchen et al., 2006b; Vogts et al.,
2009). This C4 contribution to the alkanes was correlated with the apparent
fractionation for the homologues at every sampling location (Table 4.6). For
most of the southern locations reasonable correlation was observed even
though it has to be taken into account that the significance of the correlations
are low due to only three data points for every location. However, the appar-
ent correlation substantiates the theory of different ¢, for woody species and
C,4 grasses. Furthermore, the low correlation for the northern sites may be
another indication for possibly different sources for Csz in this area as dis-

cussed before.
4.5.4 Implications for palaeo-climatic studies

The hydrogen isotope composition of fossil n-alkanes will not be altered over

geological time scales (Schimmelmann et al., 2006; Wang et al., 2009). As

105



4. Sediment transect Il: n-Alkane stable hydrogen isotope composition

our study indicates that 6D ratios of sedimentary plant wax n-alkanes reflect
continental rainfall 3D ratios, we conclude that 3D ratios of alkanes in ocean
margin sediments can be related to the isotope composition of ancient pre-
cipitation. The apparent fractionations, especially for C,9 and Cs;, appear to
be fairly constant (-109+3 and -115+3%., respectively) even though the cli-
matic conditions and vegetation composition change significantly. Under the
current setting the change from woody vegetation to C, grasses appears to
superimpose potential aridity effects. However, to exclude influences of vege-
tation composition changes on palaeo-environmental assessments, the con-
tribution by these different ecological life forms should be addressed at the
same time. Furthermore, the knowledge about potential catchment areas and
their possible variation over time is essential to achieve reliable results. How-
ever, the 8D ratios of alkanes in ocean margin sediments may be directly
converted to 6D ratios of ancient precipitation by the fractionation factors pre-
sented and, thus, are useful proxies for 6Dp changes and their causal climatic

variations.

4.6 Conclusions

The 3D values of leaf wax n-alkanes (C,y, Csz;, and Cgs3) in ocean margin
sediments along southwest Africa vary from -123 to -141%.. These ratios
were compared to the modelled 4D ratios for precipitation at continental loca-
tions along postulated transport pathways from land to ocean. The highest
correlation coefficients were observed for mean annual precipitation values at
locations with 250 km distance to the coast. If ratios for the growing season
and the end of the growing season were applied, the correlation increased for
C,9, C33 and weighted mean averaged values but decreased for C3;. The ap-
parent fractionations between alkane and precipitation 6D ratios appear to be
fairly constant, especially for C,9 and Cz; (-109+3 and -115+3%., respectively)
despite the changing environmental conditions and varying abundance of
plants of different ecological life forms (trees, grasses). Thus, hydrogen iso-
tope ratios of leaf wax n-alkanes preserved in ocean sediments have a high
potential for palaeo-climatic studies and may be directly converted into 6D

ratios of ancient precipitation.
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5. Summary and perspectives

In this thesis, the applicability of plant wax-derived long-chain n-alkanes and
n-alkan-1-ols as proxies for continental vegetation composition, hydrologic
and climatic conditions was validated. Africa was chosen as study area due
to its broad latitudinal vegetation zones, which largely mirror climate condi-
tions, and the abundance of plants utilising different metabolic pathways. In a
first step, the knowledge about biological endmembers was expanded by the
analysis of rain forest and savanna Cj species. Secondly, recent sediment
samples from an isobathic north to south transect along the southwest Afri-
can continental margin were analysed to evaluate how present-day continen-
tal conditions are mirrored by the characteristics of preserved lipids. The
sediment transect parallels a distinctive continental gradient from humid habi-
tats dominated by woody C; vegetation towards arid regions where
C, grasses prevail.

During plant wax analyses 69 C3 species grown in Africa under natural
conditions were evaluated for their bulk and molecular stable carbon isotopic
compositions as well as distribution patterns of long-chain n-alkanes (n-Cys to
n-Css) and n-alkan-1-ols (n-Cz4 to n-Cas). The plant species chosen represent
rain forest plants (24) and savanna species (45) from different habits (herb,
shrub, liana, and tree). The variation of the analysed parameters among dif-
ferent growth forms is small within the vegetation zones, but characteristic
differences occur between the signatures of rain forest and savanna plants.
Therefore, averaged histograms for rain forest and savanna Cjz plants were
presented in combination with previously published data of tropical
C4 grasses (Rommerskirchen et al., 2006b). These histograms may roughly
be representative for C;rain forest, C3z savanna and C, grassland vegetation
and reveal a trend to longer n-alkane chains and less negative stable carbon
isotope ratios of n-alkanes and n-alkanols in the course of these biomes. Iso-
topic composition, ACL values and the ratio of the n-Cyg to the n-Cs; alkane
were postulated to be suitable proxies to evaluate the changing contribution
of rain forest, savanna and grassland vegetation to geological records of
tropical and subtropical Africa. For the n-alkanols, however, the maximum of

the averaged distribution pattern of Cs rain forest plants is between those of
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Cs savanna plants and C, grasses. However, focussing on savannas and
grasslands ACL values of n-alkanols may be a suitable parameter to judge
the changing contributions of these biomes to sediments. Furthermore, the
relative abundance of the n-Cz3 alkane and/or the n-C3, alkanol may be used
as indicator for the contribution of lipids derived from C, grasses. This was
previously postulated by Rommerskirchen et al. (2006a), because the
n-Cs; alkane and the n-Cs; alkanol are not abundant in C3 species of the ad-
jacent savanna biome.

For the second part of the study 13 recent marine sediments constitut-
ing an isobathic transect along the southwest African continent from 1°N to
28°S were analysed. The compound-specific stable carbon and hydrogen
isotope signatures as well as the chain-length distributions of long-chain
n-alkanes were evaluated. The odd-carbon-numbered homologues in the
C,7 to C33 range dominated the distribution patterns. Near the equator chain-
length distribution as well as carbon isotope composition indicated a high
contribution by C3 plants from the rain forest on the adjacent continent. But
especially at sampling locations not dominated by fluvial organic material a
significant contribution of Cy-plant-derived material, possibly introduced by
long range eolian transport, was evident. Further south, longer-chain
n-alkanes with less negative stable carbon isotope composition became
abundant, which reflects the increasing contribution of C, grasses. By em-
ploying the endmember dataset evaluated in the first part of this thesis, the
stable carbon isotope composition and the average chain-length distribution
were found suitable to estimate the relative Cs-plant contribution to the sedi-
ments. The calculated Cy-plant proportion corresponds to the C4-plant abun-
dance in postulated continental catchment areas if non-latitudinal and
long-range eolian contributions are taken into account. Furthermore, the cal-
culated C4 contribution to the sediments significantly correlates with the
amount of mean annual precipitation and the aridity in the postulated catch-
ment areas. This indicates that the water supply can be an important factor
for C,4 plant abundance/C3; plant absence if primary requirements (light inten-

sity and temperature) are fulfilled.
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The evaluation of the hydrogen isotope ratios of the n-alkanes derived
from the same isobathic sediment transect was the third part of this study.
The values for the C,9, C3; and Cs3 n-alkanes correlated with modelled hy-
drogen isotope compositions of mean annual precipitation in the postulated
catchment areas. Calculations based on growing-season and end of growing-
season precipitation partly but not systematically improved this correlation.
The apparent fractionation, especially between the n-C,9 and n-Cz; alkanes
and mean annual precipitation, is fairly constant if three locations are not
taken into account. For these locations the hydrogen isotope composition of
the precipitation is assumed to be biased by the limitations of the punctual
catchment area definition. The apparent fractionation shows no significant
correlation with the amount of precipitation and does not depend on vegeta-
tion composition. Even though the Cs-plant abundance decreases towards
the south and Cj3 plants are possibly affected by aridity, too, these effects
may be superimposed by an increasing abundance of C4 grasses showing
higher isotopic fractionations and lower susceptibility to aridity effects. This
could explain the observed constant apparent fractionation between the
n-Cy9 and n-Cz; alkanes and mean annual precipitation.

Despite the expanded knowledge provided by this study, uncertainties
remain which may bias the correlations. For instance, the dataset especially
for rain forest plants is small and does not include epiphytes (partly CAM
species), swamp C, grasses, plant material from the upper canopy or sub-
merged plants growing on river banks. Thus, subsequent investigations
should elaborate on the knowledge about the variation of the plant wax sig-
natures of source organisms contributing to geological archives. Regarding
the transect samples the contribution of n-alkan-1-ols and their characteris-
tics should also be addressed because these compounds can serve as prox-
ies for continental vegetation if n-alkane characteristics are mashed by e.g.,
contribution from oil seeps. Furthermore, assumptions about the eolian and
fluviatile contribution as well as the catchment areas are tentative and may
be substantiated by analyses of organic material transported by wind and
rivers as well as modelling approaches employing, e.g., more detailed wind

trajectories and/or catchment area vegetation and precipitation composition
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models. As our study also substantiated assumptions about the variation of
the characteristics of plant wax biomarkers with distance from the continent
these effects need further elucidation, too.

However, despite the remaining uncertainties the results of the plant
and sediment studies corroborate the potential of plant wax-derived long-
chain organic compounds for palaeo-vegetational studies. Above this, it was
demonstrated which parameters are most useful to represent the vegetation
characteristics and how these parameters correlate with environmental pa-
rameters. The presented correlations and hydrogen isotope fractionations
can be employed by palaeo-orientated studies to deduce climatic conditions
from analyses of the characteristics of plant-wax derived long-chain organic
compounds in geological archives.
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7. Appendix

Table 7.4 Data of averaged values and their standard deviation (SD) for
chain length parameters of n-alkanes and n-alkan-1-ols from Cj rain forest
species, C3 savanna plants and C, grasses (Fig. 2.7).

Cs rain forest plants C; savanna plants  C,4 grasses
Parameter
Average SD Average SD Average SD
ACLs.35 29.68 0.53 29.81 1.15 30.71 0.88
ACL24.34 29.63 0.89 28.41 1.03 29.72 130
C29/Cs 3.1 3.1 15 2.8 0.6 0.5
C2/C3 0.7 0.5 2.5 2.1 4.7 8.7
C33/Cos.35 0.04 0.04 0.13 0.12 026 0.14
C32/Cos.34 0.19 0.10 0.06 0.06 0.43 0.29

Table 7.5 Mean annual precipitation and temperature as well as aridity index
(UNEP, 1992) calculated for locations at ca. 350 km distance from the coast
with Web WIMP modeling program (Matsuura et al., 2003). Locations and
values are implemented in Fig 3.1.

_ Longitude at Mean annual Mear_1 annual Potentir;_xl _ Aridity
Latitude ca. 350 km temperature precipitation evapotranspiration index
from coast (°E) (°C) (mm) (mm)

4°N 125 24.6 1217.7 1326 0.92
2°N 13.0 22.9 1816.4 1129 1.61

0° 125 23.5 1671.2 1188 1.41
2°S 125 23.2 1730.6 1160 1.49
4°S 145 23.0 1403.0 1140 1.23
6°S 16.0 23.1 1495.6 1148 1.30
8°S 16.5 24.0 1220.3 1242 0.98
10°S 16.5 21.7 1223.7 1017 1.20
12°S 17.0 20.2 1207.1 923 1.31
14°S 155 20.9 1046.5 978 1.07
16°S 15.0 234 662.3 1233 0.54
18°S 15.0 22.9 415.2 1186 0.35
20°S 16.5 19.3 459.6 911 0.50
22°S 175 18.4 384.5 874 0.44
24°S 175 19.9 204.5 970 0.21
26°S 18.5 20.7 197.3 1045 0.19
28°S 19.0 20.6 122.8 1053 0.12
30°S 20.5 17.6 148.3 872 0.17
32°S 215 15.3 181.5 767 0.24
34°S 215 17.4 408.8 818 0.50
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Table 7.6 Data of the relative abundance of the dominant n-alkanes in the
sediments of the north to south transect (Fig 3.2b).

Relative abundance in %
Location n-C,q alkane n-Cs; alkane n-Cs3 alkane

1 28.5 25.9 12.4
2 30.5 26.0 10.8
3 29.5 25.6 115
4 27.6 24.8 12.4
5 27.2 235 11.3
6 271 22.8 11.6
7 26.8 24.3 14.0
8 25.8 24.8 15.7
9 194 30.0 20.3
10 17.9 32.4 20.1
11 16.1 34.5 194
12 15.6 35.3 19.0
13 13.0 35.8 17.4




7. Appendix

Table 7.7 Data of locations employed as representatives of potential catch-
ment areas. Values were used for the calculation of correlation coefficients
(Tables 3.6, 4.5) and hydrogen isotope composition of precipitation (Table
4.3). Data of environmental conditions were derived from Web WIMP model-
ing program (Matsuura et al., 2003). Aridity index calculated according to
UNEP (1992). Elevations were derived from ASTER digital elevation model
(ASTER GDEM Validation Team, 2009).

Distance to coast

100 km 150 km 200 km 250km 300 km 350km 400 km

Latitude (°N) 1 1 1 1 1 1 1
Longitide (°E) 10.5 11.0 11.5 12.0 12.5 13.0 135
Mean annual temperature (°C) 25.1 23.5 24.4 24.5 23.6 23.3 23.4
Mean annual precipitation (mm) 2451.8 2101.1 1835.2 1647.8 1665.9 1653 1591
Potential evapotranspiration (mm) 1184 1292 1305 1198 1150 1164 1177
Aridity index 21 1.6 1.4 1.4 1.4 14 14
Elevation (m) 592 491 544 526 474 518 520
Latitude (°S) 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Longitide (°E) 9.5 10.0 10.5 11.0 115 12.0 12.5
Mean annual temperature (°C) 26.3 25.9 25.8 25.8 25.8 23.6 23.8
Mean annual precipitation (mm) 2054.8 1971.6 2027.5 20275 2027.5 1708.2 1734.6
Potential evapotranspiration (mm) 1567 1512 1500 1222 1130 1200 1213
Aridity index 1.3 13 14 1.7 1.8 14 14
Elevation (m) 94 12 45 560 403 339 358
Latitude (°S) 2 2 2 2 2 2 2
Longitide (°E) 10.0 10.5 11.0 115 12.0 12.5 13.0
Mean annual temperature (°C) 26.0 25.6 24.3 23.3 24.2 23.2 22.9
Mean annual precipitation (mm) 1870.1 1890.6 1872 1837.9 1738.9 1730.6 1816.4
Potential evapotranspiration (mm) 1525 1481 1290 1171 1276 1160 1129
Aridity index 1.2 1.3 15 1.6 14 15 1.6
Elevation (m) 37 187 113 273 676 775 629
Latitude (°S) 35 35 35 35 35 35 35
Longitide (°E) 11.5 12.0 12.5 13.0 135 14.0 14.5
Mean annual temperature (°C) 24.6 25.5 254 23.6 22.1 24.0 22.8
Mean annual precipitation (mm) 1304.8 1224.1 1261.2 14559 1416.8 1525.3 1697.6
Potential evapotranspiration (mm) 1327 1457 1439 1208 1056 1251 1115
Aridity index 1.0 0.8 0.9 1.2 1.3 1.2 15
Elevation (m) 704 391 97 380 480 604 498
Latitude (°S) 55 55 55 55 55 55 55
Longitide (°E) 13.0 135 14.0 14.5 15.0 15.5 16.0
Mean annual temperature (°C) 25.0 23.8 23.9 24.3 23.0 22.6 23.4
Mean annual precipitation (mm) 1026.2 1096.2 1222.6 1297.8 1311.4 1509.7 1531.9
Potential evapotranspiration (mm) 1398 1233 1240 1289 1140 1096 1181
Aridity index 0.7 0.9 1.0 1.0 1.2 14 1.3
Elevation (m) 216 512 228 413 605 520 661
Latitude (°S) 9 9.5 9.5 10 10 10.5 10.5
Longitide (°E) 14.0 14.5 15.0 155 16.0 16.0 16.5
Mean annual temperature (°C) 24.8 25.2 23.7 22.8 22.4 24.0 23.5
Mean annual precipitation (mm) 1019.4 1070.2 1036.7 1121 1185.1 1220.3 1209.7
Potential evapotranspiration (mm) 1367 1432 1218 1126 1083 1242 1189
Aridity index 0.7 0.7 0.9 1.0 1.1 1.0 1.0
Elevation (m) 37 199 468 1177 1051 1399 1075
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Table 7.7 (continued)

Latitude (°S) 11 11.5 11.5 12 12 12.5 12.5
Longitide (°E) 14.5 15.0 155 16.0 16.0 16.5 17.0
Mean annual temperature (°C) 22.0 21.0 20.7 21.5 21.7 21.2 20.7
Mean annual precipitation (mm) 983.8 1080.9 1126.7 11755 1223.7 12442 1257.6
Potential evapotranspiration (mm) 1051 969 952 1005 1017 985 950
Aridity index 0.9 1.1 1.2 1.2 1.2 1.3 1.3
Elevation (m) 1258 1327 1344 1622 1622 1658 1714
Latitude (°S) 12.5 13 13 135 135 14 14
Longitide (°E) 12.5 13.0 13.0 135 135 14.0 14.0
Mean annual temperature (°C) 155 20.1 21.0 19.1 19.1 20.2 21.2
Mean annual precipitation (mm) 1143.8 1257.8 1289.4 1256.6 1239.8 1207.1 1242.1
Potential evapotranspiration (mm) 726 917 975 866 861 923 994
Aridity index 1.6 14 13 15 1.4 13 1.2
Elevation (m) 1286 1981 1981 1610 1716 1558 1554
Latitude (°S) 155 15.5 15.5 155 155 15.5 155
Longitide (°E) 13.0 13.5 14.0 14.5 15.0 15.5 16.0
Mean annual temperature (°C) 24.4 20.3 20.7 22.1 22.7 22.3 21.8
Mean annual precipitation (mm) 648.7 717.1 700.1 688.3 675.6 682.5 713.3
Potential evapotranspiration (mm) 1316 939 967 1085 1146 1106 1062
Aridity index 0.5 0.8 0.7 0.6 0.6 0.6 0.7
Elevation (m) 438 1283 1276 1327 1171 1164 1277
Latitude (°S) 19.0 19.0 19.0 19.0 19.0 19.0 19.0
Longitide (°E) 13.5 14.0 14.5 15.0 15.5 16.0 16.5
Mean annual temperature (°C) 16.9 16.8 19.1 21.1 22.0 22.6 22.7
Mean annual precipitation (mm) 160.2 284.3 313 331.5 373.7 4175 4838
Potential evapotranspiration (mm) 776 774 884 1021 1103 1158 1180
Aridity index 0.2 0.4 0.4 0.3 0.3 0.4 0.4
Elevation (m) 920 1338 1230 1155 1102 1086 1108
Latitude (°S) 225 22.5 22.5 225 225 225 22.5
Longitide (°E) 15.5 16.0 16.5 17.0 17.5 18.0 18.5
Mean annual temperature (°C) 12.0 15.5 17.7 17.9 19.1 19.5 19.7
Mean annual precipitation (mm) 154.9 236.3 268.8 357.5 329.8 313.8 333
Potential evapotranspiration (mm) 646 740 829 843 911 943 959
Aridity index 0.2 0.3 0.3 0.4 0.4 0.3 0.3
Elevation (m) 961 1200 1528 1568 1568 1514 1451
Latitude (°S) 23 23 225 22.5 22 22 215
Longitide (°E) 15.0 15.5 16.0 16.5 17.0 17.5 18.0
Mean annual temperature (°C) 16.5 12.3 16.7 18.5 20.4 20.0 20.4
Mean annual precipitation (mm) 1675 170.8 176.5 192 195.1  229.7 249
Potential evapotranspiration (mm) 777 657 803 894 1023 989 1026
Aridity index 0.2 0.3 0.2 0.2 0.2 0.2 0.2
Elevation (m) 458 953 1200 1528 1374 1790 1603
Latitude (°S) 28 28 28 28 28 28 28
Longitide (°E) 16.5 17.0 17.5 18.0 185 19.0 19.5
Mean annual temperature (°C) 17.7 19.5 19.0 19.6 20.2 20.6 194
Mean annual precipitation (mm) 69.1 92.3 1125 116  116.3 122.8 129
Potential evapotranspiration (mm) 820 922 914 971 1024 1053 974
Aridity index 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Elevation (m) 432 613 699 707 945 858 799
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Table 7.8 Data of environmental conditions in southwest Africa calculated for
locations with ca. 250 km distance to the coast with Web WIMP modeling
program (Matsuura et al., 2003). Aridity index calculated according to UNEP
(1992). Locations and values are implemented in Fig 4.1.

Longitude at Mean annual Mean annual Potential

Latitude ca. 250 to temperature  precipitation evapotranspiration Ar|dd|ty
coast (°E) (°C) (mm) (mm) Index

4°N 11.5 23.8 1635.9 1214 1.35
2°N 12.0 22.9 1732.2 1124 1.54

0° 11.5 24.8 1570.2 1350 1.16
2°S 11.5 23.3 1837.9 1171 1.57
4°S 135 24.4 1253.1 1307 0.96
6°S 15.0 22.5 1230.6 1087 1.13
8°S 15.5 22.8 1121.0 1126 1.00
10°S 16.0 215 1175.4 1005 1.17
12°S 16.0 19.1 1256.6 866 1.45
14°S 14.5 20.8 1047.9 974 1.08
16°S 14.0 22.2 613.7 1091 0.56
18°S 14.0 22.1 360.1 1100 0.33
20°S 15.5 18.6 352.3 859 0.41
22°S 16.5 20.0 336.6 955 0.35
24°S 16.5 16.7 172.6 793 0.22
26°S 17.5 21.3 146.6 1106 0.13
28°S 18.0 19.6 116.0 971 0.12
30°S 19.5 17.7 162.7 862 0.19
32°S 20.5 12.6 243.9 682 0.36
34°S 20.5 16.8 499.3 796 0.63

VIii



7. Appendix

Table 7.9 Monthly values of hydrologic parameters employed for the calcula-
tion of the hydrogen isotope composition of growing-season precipitation
(Table 4.3). Monthly ratios of the hydrogen isotope composition of precipita-
tion (6Dp) were derived from the online isotopes-in-precipitation calculator
(OIPC 2.2, Bowen et al., 2005). Precipitation amount and potential evapo-
transpiration were calculated for locations at ca. 250 km distance from the
coast with Web WIMP modeling program (Matsuura et al., 2003). For lati-
tude, longitude and elevation of locations see Table 7.7.

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

1 8Dp'  -18 -21 -30 -31 -26 -12 -5 -14 -14 -28 -24 -26
Precipitation (mm) 83 101 202 202 186 53 17 28 142 310 233 110
Pot. evapotransp. (mm) 107 100 114 112 110 91 81 84 94 102 100 103

2 8Dp"  -17 -20 -33 -33 -24 -10 0O -9 -10 -27 -25 -26
Precipitation (mm) 152 141 224 229 212 22 6 10 76 330 363 185
Pot. evapotransp. (mm) 111 104 122 116 113 87 76 81 94 106 103 109

3 3Dp" -11 -11 -27 -28 -17 -6 7 -2 -3 -19 -21 -22
Precipitation (mm) 173 199 220 223 150 11 5 5 34 224 346 248
Pot. evapotransp. (mm) 109 103 116 112 106 80 71 76 87 104 102 105

4 Dt -13 -9 -29 -30 -15 -8 9 0 0 -18 -24 -25
Precipitation (mm) 156 152 191 219 122 6 1 2 13 117 275 202
Pot. evapotransp. (mm) 114 108 122 116 111 80 68 73 87 108 109 112

5 8Dp’ -14 -9 -25 27 -14 -8 12 4 3 -15 -23 -26
Precipitation (mm) 131 119 163 237 105 5 1 3 22 110 217 184
Pot. evapotransp. (mm) 122 113 130 122 117 87 70 77 94 118 118 121

6 8Dp  -26 -28 -35 -27 -26 1 6 8 3 -12 -21 -36
Precipitation (mm) 120 104 187 169 25 1 1 5 40 130 199 146
Pot. evapotransp. (mm) 90 83 91 83 76 60 60 67 77 88 87 90

7 8Dp' 34 -39 -48 -34 -33 5 2 5 -1 -15 -21 -44
Precipitation (mm) 204 141 210 121 14 1 0 3 24 110 195 234
Pot. evapotransp. (mm) 82 73 79 72 61 47 51 67 84 89 81 80

8 8Dp' 34 -41 50 -36 -34 8 2 4 -1 -12 -18 -44
Precipitation (mm) 189.7 149 230 116 9.7 05 57 06 12 83 161 190
Pot. evapotransp. (mm) 86 79 85 77 63 48 50 67 87 95 89 87

9 8Dp'  -30 -37 -43 -32 -29 13 4 4 1 -5 -12 -39
Precipitation (mm) 128 145 162 56 2 0 0 0 2 29 76 88
Pot. evapotransp. (mm) 115 96 100 89 65 43 45 66 96 125 124 121

10 8Dp"  -24 -29 -33 -23 -19 22 3 3 2 3 -6 -27
Precipitation (mm) 73 86 75 21 2 0 1 0 1 10 24 38
Pot. evapotransp. (mm) 119 99 101 86 59 37 36 52 84 110 118 120

11 8Dp* 27 -29 -33 21 -13 26 -5 -4 -2 3 -6 -23
Precipitation (mm) 77 89 73 35 6 2 2 1 3 12 27 30
Pot. evapotransp. (mm) 110 86 82 61 42 27 28 42 66 88 98 113

12 Dpt 27 -29 -33 21 -13 26 -5 -4 -2 2 -6 -23
Precipitation (mm) 54 74 59 20 5 2 1 1 2 8 20 22
Pot. evapotransp. (mm) 105 85 82 61 44 29 30 43 64 85 93 108

13 8Dp'  -19 -21 -21 -18 -14 5 -10 -9 5 -3 -8 -17
Precipitation (mm) 11 20 27 14 5 6 6 2 3 7 6 9
Pot. evapotransp. (mm) 147 125 114 74 42 25 23 33 51 82 109 146

' Bold face values were used for the calculation of growing season &Dp.
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