Fossil C, plant signals in Southeast Atlantic
Ocean continental margin sediments indicate
climate-dependent vegetation changes on the

adjacent continent

Fossile Cs-Pflanzensignale in Kontinentalrandsedimenten
des Sudostatlantiks weisen auf klimaabhangige Anderungen in
der Vegetation auf dem angrenzenden Kontinent hin

Von der

Fakultat fir 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

Florian Rommerskirchen
geboren am 30. Mai 1974 in Nordenham



Erstreferent: Prof. Dr. Jirgen Rullkétter
Korreferent: Prof. Dr. Hans-Jurgen Brumsack
Korreferent: Prof. Geoffrey Eglinton, FRS

Eingereicht am: 21. Dezember 2005
Tag der Disputation: 28. Februar 2006



Contents

1.1
1.2

1.3
1.4

1.5
1.6

2.1
2.2

2.3
231

232
233

Kurzfassung (Abstract in German)
Abstract

Contents

Introduction

Scope and framework

Cs3, C4, and CAM plant characteristics and factors controlling their
contribution to the vegetation

Cs;, C4 and CAM plant distribution on the southwestern African continent
Principles of stable carbon isotopic composition of organic plant
material, a geochemical tool unravelling the use of the C; and C,
pathways

Motivation, outline and objectives of this project

Outline of the author’s contribution

Chemotaxonomic significance of distribution and stable carbon
isotopic composition of long-chain alkanes and alkan-1-ols in
C, grass waxes

Abstract
Introduction

Description of sampling area, samples and methods

Description of sampling area: Grass diversity and distribution in southern
Africa

Samples

Analytical and evaluation methods

15
17

24
27

30

30
31

37
37

38
41



24
24.1

242
243

244

2.5
2.6

26.1
262

2.7
2.8

3.1
3.2
3.3
331
332
333
334
3.4
34.1
34.2
34.3

344
34.5

34.6

3.5

Results

Contents and carbon number distributions of long-chain n-alkanes of
grass waxes

Molecular carbon isotopic signatures of long-chain n-alkanes of grass
waxes

Contents and carbon number distributions of long-chain n-alkanols of
grass waxes

Molecular carbon isotopic signatures of long-chain n-alkanols of grass
waxes

Discussion

C, grass wax adaptation and implications for palaeoenvironmental
studies

C, grass wax adaptation to the climatic conditions of the habitat

Leaf wax n-alkane and n-alkanol homologues as palaeoclimatic proxies

Conclusions

Appendix

A north to south transect of Holocene southeast Atlantic
continental margin sediments: Relationship between aerosol
transport and compound-specific '3C land plant biomarker
and pollen records

Abstract
Introduction

Materials and methods

Sediment cores

Mass accumulation rates

Methods for lipid and pollen analysis
Satellite aerosol imaging

Results and discussion

Simplified phytogeographical units of southwest Africa

Carbon number distribution and molecular carbon isotopic signatures of
long-chainn-alkanes

Carbon number distribution and molecular carbon isotope signatures of
long-chain n-alkanols

Pollen distributions

Plant wax components of the transect sediments: biogeochemical and
environmental considerations

Synoptic view of the north/south transect: lipid biomarkers and pollen
from the African continent

Conclusions

43
43

46
48

49

49
53

53
55

58
59

65

65
66
70
70
71
71
73
73
73
74
80

83
87

94

95



4

41
4.2
4.3
4.3.1
4.3.2
4.3.3
4.4
4.4.1
4.4.2
4.4.3
4.4.4

4.5
4.5.1

4.5.2
4.5.3

4.6
4.7

7.1
7.2

Glacial/interglacial changes in southern Africa: compound-
specific 8'°C land plant biomarker and pollen records from
Southeast Atlantic continental margin sediments

Abstract

Introduction

Material and methods

Sediment cores

Mass accumulation rates

Methods for lipid and pollen analysis

Results

Simplified phytogeographical units of southwest Africa

Carbon number distributions and molecular carbon isotope signatures of
long-chain n-alkanes

Carbon number distributions and molecular carbon isotope signatures of
long-chain n-alkanols

Pollen distributions

Discussion

Temporal and latitudinal changes of aliphatic biomarker distributions and
carbon isotope signatures

Pollen signals

Comparison of biomarker and pollen data

Conclusions

Appendix
Summary and perspectives
References

Appendix
Supplementary data

Photographs
Acknowledgements (Danksagung)

Curriculum vitae (Lebenslauf)

98

98

99

101

107
103
103
104
104
106
112
1713

115
115

120
121

125
127

133

138

1



Kurzfassung

Die vorliegende Arbeit untersucht die Aussagekraft von langkettigen r-Alkanen und
n-Alkan-1-olen als Paldoumweltbiomarker. Der Schwerpunkt der Analysen liegt auf den
Verteilungsmustern und molekularen stabilen Kohlenstoffisotopensignaturen. Es handelt sich
hierbei um Proxies, mit denen die klimaabh&ngigen Anderungen in der Vorherrschaft von C,-
oder C;-Pflanzen in geeigneter Weise nachvollzogen werden kénnen. Graser (Poaceae) sind
eine wichtige Quelle von C4-Biomasse in geologischen Archiven sowohl in Bdden als auch in
lakustrinen und marinen Sedimenten. Auf der ganzen Welt kommen Graser in Zonen der
trocken-subtropischen Grassteppen und Savannen vor, in denen sie sich erfolgreich gegen
Cs-Pflanzen (z.B. Cs-Graser, Baume und Straucher) durchsetzen. Eine Ausdehnung oder ein
Rickzug der grasdominierten Vegetation hangt von den jeweiligen klimatischen
Verhéltnissen ab. Der geochemische Nachweis der kontinentalen Verbreitung der
Grasvegetation aus geologischen Archiven liefert daher wichtige paldodkologische
Informationen. Langkettige Blattwachslipide von 35 C,-Grasern und drei C;-Grasern der in
Sldafrika haufig vorhandenen Arten wurden untersucht. Die analytischen Daten wurden mit
der Zugehorigkeit der Graser zu den drei C,-Untertypen (NADP-ME, NAD-ME und PCK)
sowie der phylogenetischen Verwandtschaft auf dem Niveau von Unterfamilien verglichen.
Die Untersuchungen zeigen, dass sich im Allgemeinen C4-Gréser in ihren chemischen
Signaturen von den Cs-Arten durch deutlich héhere molekulare 3C Werte, hohe Gehalte an
n-C31- und 7-Css-Alkanen und durch die Dominanz des r+Css-Alkanols unterscheiden. Vor
allem die C4-Graser, die zur Unterfamilie Chloridoideae gehoéren, oder diejenigen, die den
NAD-ME- oder PCK-C4-Metabolismus nutzen, enthalten langerkettige Wachshomologe.
Diese Arten gedeihen vorzugsweise in Lebensrdumen mit besonders trockenen klimatischen
Bedingungen. Der Vergleich mit Literaturdaten bestatigt die Befunde.

Die Zuordnung von langerkettigen Wachshomologen zu C,-Pflanzen wurde in
suidwestafrikanischen Kontinentalrandsedimenten aus neun Bohr- und Kolbenlotkernen auf
einem Nord-/Sudtransekt vom Kongo-Facher (4°S) zum Kap-Becken (30°S) Uberpruft. Vier
Zeitscheiben der jlingeren geologischen Geschichte, zwei Glazial- (MIS 2 und 6a) und zwei
Interglazialstadien (MIS 1 und 5e), wurden untersucht. An den sudlichen Lokationen wird vor
allem durch die Atmosphéare transportiertes partikuldres Material eingetragen. Dieses
Material stammt vom westlichen und zentralen stidafrikanischen Hinterland, das von Wisten,
Halbwisten und Savannen dominiert wird. Diese Gebiete sind reich an organischem Material
von C4-Pflanzen. Die nordlichen Positionen des Transekts erhalten im Wesentlichen
terrestrisches Material aus dem Kongo-Becken und dem Angola-Hochland, die durch
Cs-Pflanzen beherrscht werden. Hinsichtlich der Glazial/lnterglazial-Unterschiede in den
phytogeografischen Hauptzonen des angrenzenden Kontinents wurden die Signaturen von
langkettigen r-Alkanen und r-Alkanolen mit den Konzentrationen und Verteilungen von
Pollentaxa in den gleichen Sedimenten korreliert. Breitengradabhéngig erhéhen sich im
Transekt in Richtung Siiden die molekularen &°C-Werte. Diese Tendenz wird von einer
Verlagerung der Verteilungsmustermaxima zu langerkettigen Homologen und einem hdéheren
Anteil von C4-Pollen in allen Zeitscheiben begleitet. Lediglich die durchschnittliche
Kettenldange (ACL) der n-Alkanole folgt diesem Trend nicht. Die n-Alkanolsignaturen
stammen mutmallich von unterschiedlichen Organismen wie C;-, C4;- und CAM-Pflanzen
sowie der Flora und Fauna des Meeres. C,-Anteilsabschatzungen, die auf dem gewichteten
Mittel der &3C-Werte von n-Alkanen und n-Alkanolen basieren, stimmen mit denen der
Pollenzéhlungen (iberein. Glazial/lnterglazial-Anderungen sind durch eine deutliche
Verschiebung zu héheren C4-Anteilen wahrend der Glazialstadien im nérdlichen Bereich des
Transekts gekennzeichnet. Dies lasst die Schlussfolgerungen zu, dass sich offene grasartige
Vegetation nordwarts verschob und sich Wisten und Halbwisten vergrofRerten. Studwarts
verringert sich der Glazial/Interglazial-Unterschied bis er schliellich unbedeutend wird. An
den beiden sudlichsten Lokationen deuten ein geringerer Anteil von Graspollen und ein
héherer Anteil von Cs-Pollen wahrend der Glazialstadien auf eine nordwarts gerichtete
Verschiebung der sldlichen Winterregenvegetation (hauptsachlich C;- und CAM-Pflanzen)
hin. Die Ergebnisse dieser Studie zeigen, dass die Kombination von Pollendaten und



molekularen geochemischen Proxies effektiv auf die Rekonstruktion von kontinentalen
phytogeografischen Entwicklungen angewendet werden kann.



Abstract

This thesis elucidates the significance of long-chain ralkanes and r+alkan-1-ols as
palaeoenvironmental indicators. Special emphasis is placed on the distribution patterns and
molecular stable carbon isotopic signatures of these biomarkers, because they appear to be
suitable proxies to trace climate dependent changes in the predominance of C4 or C; land
plants. Grasses (Poaceae) are an important source of C4 biomass in the geological record of
soils as well as lacustrine and marine sediments. Grasses are found across the world in
broad latitudinal belts in dry subtropical grasslands and savannas, where the C, species
successfully outcompete C; plants (e.g. C; grasses, trees and shrubs). An extension or
regression of grassy vegetation depends on the climatic conditions. Thus, the fossil record of
indicators of subtropical grass holds important ecological information related to continental
vegetation in the geological past. Long-chain leaf wax lipids of 35 C, grasses and three C;
grasses of abundant species in southern Africa were analysed and their molecular signatures
compared to the physiological classification in three C, subtypes (NADP-ME, NAD-ME and
PCK) and phylogenetic systematics of these plants on a subfamily level. These investigations
revealed that C, grass waxes are distinguishable from those of C; species by significantly
higher compound-specific 3"3C values, high contents of 7C3; and n-Cs; alkanes and the
abundance of the n-Cs; alkanol, which is largely absent in C; grasses. Especially species of
the subfamily Chloridoideae or of species using the NAD-ME or PCK C, metabolism exhibit
longer-chain wax homologues. These species preferably thrive in habitats of extremely arid
climatic conditions. Comparison with published data substantiated these findings.

The specificity of long-chain aliphatic wax components in C; plants for
palaeoenvironmental assessment was determined by investigating Southwest African
continental margin sediments from nine drill and piston cores on a North to South transect
from the Congo Fan (4°S) to the Cape Basin (30°S). Four time slices of the recent geological
history were investigated representing two glacial (MIS 2 and 6a) and two interglacial stages
(MIS 1 and 5e). Airborne particulate material was deposited in significant amounts at the
southern oceanic sampling locations. This material is rich in organic matter from C, plants,
because it is derived from the western and central southern African hinterland dominated by
deserts, semi-deserts and savanna regions. The northern sites of the transect get most of
their terrestrial material from the Congo Basin and the Angola highlands dominated by C;
plants. Signatures of long-chain r~alkanes and r-alkanols were correlated with those of
pollen taxa in the same sediments concerning glacial/interglacial changes in major
phytogeographic zones on the adjacent continent. Latitudinal trends southwards in the
transect exhibited higher molecular 3"*C values accompanied by a shift in the distribution
pattern maxima of the wax components to longer-chain homologues and more C, pollen
contribution in all time slices. Only the average chain length (ACL) of the ralkanols did not
follow this trend. The ralkanol signatures appear to be comprised of assemblages from
different organisms, i.e. C3;, C, and CAM plants as well as marine biota. C, proportion
estimates based on weighted mean 8'°C values for r+alkanes and r-alkanols paralleled each
other and those afforded by pollen counts. Glacial/interglacial changes were characterised by
a significant shift to a higher contribution of C4 plants in the northern part of the transect
during glacial stages. It can be inferred that open grass-rich vegetation shifted northwards
and desert and semi-desert areas expanded. Further to the South, the glacial/interglacial
differences decrease until they become insignificant. At the two southernmost sites less
Poaceae pollen and a higher contribution of C; pollen during glacial stages suggest a
northward shift of the winter rain vegetation (mostly C; and CAM plants). The results of the
study demonstrate that this combination of pollen data and compound-specific geochemical
proxies can be effectively applied in the reconstruction of past continental phytogeographic
developments.



1 - INTRODUCTION

1 Introduction

1.1 Scope and framework

The largest fluxes of the global carbon cycle are those that link atmospheric carbon
dioxide (CO,) to land vegetation and to the ocean. Continental vegetation plays an
important role in the primary production of organic carbon in the world. Primary production
varies widely over the land surface. Deserts and continental ice masses have little or no
net production, whereas tropical rainforests show an annual production, which ranges
between 1000 and 3500 g C m? and is, thus, much higher than the oceanic highly
productive areas like continental shelf upwelling zones (200 to 1000 g C m? Whittaker,
1975). Savannas and grasslands are widespread ecosystems which also have major
impacts on the carbon cycle (primary production: 200 to 2000 g C m?; Whittaker, 1975;
Schlesinger, 1997). Generally, the distribution of major continental vegetation zones is
closely linked to global and regional climate conditions, which vary geographically as well
as with geological time. For example, the spreading of grasslands as a function of climatic
changes in the earth history is especially favoured by decreasing temperatures and

increasing aridity and seasonality (Jacobs et al., 1999).

Climate-dependent vegetation changes can be monitored by plant-specific organic
signatures, such as microscopically recognisable spores, pollen and various kinds of plant
fragments as well as geochemical fossils (biomarkers), i.e. lipids in geological samples
which are related to biogenic precursors. The ocean is an important sink of terrigenous
organic matter transported offshore by rivers and winds and preserves a continuous
record of geographic and secular changes of continental climate and vegetation in its
sediments. Preservation of organic material in continental margin sediments is supported
by an increase in upwelling-induced marine production and, thereby, the development of
an oxygen minimum zone beneath the oceanic high-productivity areas. Furthermore, high
sedimentation rates and shallow water depths enhance lipid preservation in sediments.
Thus, marine sediments contain a geological archive of the terrestrial and marine

biosphere.

The most recent geological past, i.e. the Quaternary covering the last 2.5 million years,

is characterised by the periodic build-up of major continental ice sheets in the northern

1



1 - INTRODUCTION

and southern hemispheres due to recurring global climatic variations. Imbrie et al. (1984)
detected climatic variations termed marine oxygen isotopic stages (MIS) by analysing the
carbonate remnants of planktonic foraminifera. High and low isotopic '0/'°O ratios
revealed periodical cycles, which are linked to the ice sheet volume. They are indicators of
the global nature of climatic variations and can be used as a dating tool. Odd-numbered
stages represent warm periods (interglacials) and even-numbered stages cold periods
(glacials). The occurrence of these periodical changes between glacial and interglacial
periods has a 100 kyr cyclicity during the Late Quaternary which can be explained by
astronomical variations in the Earth’s orbit, changing the incoming solar radiation
(Milankovitch, 1930). The variations are related to the eccentricity of the Earth’s elliptical
orbit around the sun. The short axis of this ellipse varies over time, changing the mean
distance between Earth and Sun. Therefore, the insolation changes by eccentricity
variations have a symmetrical global impact and equally affect all latitudes (Berger, 1978).
Low-latitude regions are very sensitive to these changes since the differences in solar
heating drive variations in the seasonal atmospheric circulation. The biosphere responds
to these cycles by increasing or decreasing the size of certain biomes (distinctive plant
and animal communities) during the climatic cycles. Glacial/interglacial cycles initiate
climatic variations in precipitation and temperature as well as CO, concentrations in the
atmosphere, which govern the distribution of the major vegetation zones. For example, in
low latitudes (today’s tropical areas) the colder glacials are characterised by a more arid
climate as well as lower CO, concentrations. It is thought that these conditions led to an
expansion of biomes, such as grasslands and savannas, which are generally adapted to
dryer climates (e.g. Anhuf, 1997; Ehleringer et al., 1997; Collatz et al., 1998; Partridge et
al., 1999; Ray and Adams, 2001).

Classification of vegetation zones into functional groups for reconstruction of past
vegetation changes is a goal of this study. Distinguishing these groups is important for
palaeoclimatic assessments or the development of vegetation models. The majority of
palaeo-vegetation studies are primarily focussed on reconstructions inferred from fossil
pollen assemblages. Some aspects of vegetation may not be registered in those records.
The main targets of this study are subtropical grasses (C, grasses), which cannot be
easily distinguished from grasses in temperate regions (C; grasses) by pollen analysis.
Especially the geographical distribution of C,; grasses holds important ecological
information. Recognition of the subtropical grass distribution in the geological past is an
important step forward for the palaeoclimate research in terms of palaeoenvironmental
reconstructions. Their distinct metabolic pathways allow separation of these two types of
grasses by means of stable carbon isotopes, thus providing a powerful tool to reconstruct
the ecotones of C; and C, vegetation (Schwartz et al., 1986). This project elucidates
geographical changes during glacial/interglacial cycles in subtropical to tropical major

2



1 - INTRODUCTION

vegetation zones of southern Africa by using distribution patterns and compound-specific
isotopic compositions of land plant biomarker together with pollen records. For that
purpose, two glacial times, the Last Glacial Maximum (LGM; MIS 2, 26-13 ka before
present, BP) and the penultimate glacial (MIS 6, 190-129 ka BP), as well as two
interglacial times, the Holocene (MIS 1, 13-0 ka BP) and the penultimate interglacial (MIS

5, 129-70 ka BP), were evaluated for land plant signatures in marine sediments.

1.2 C3, C4 and CAM plant characteristics and factors controlling their

contribution to the vegetation

C3 photosynthetic mechanism

In general, plants can be divided into distinctive physiological groups according to the
CO, fixation pathway which occurs in the chlorophyll-bearing leaf cells of plants. The
majority of higher plant species (about 85 to 90%; according to Sage, 2001, 2004) use the
photosynthetic pathway, which fixes CO, during all-day open stomata into a three carbon
atom molecular storage product, phosphoglycerate (usually referred to as PGA), by using
the enzyme ribulose bisphosphate carboxykinase/oxygenase (RuBisCO; Leegood, 1999a;
Sage et al., 1999a). Hence, these plants use the so-called C; photosynthetic pathway (cf.
Fig. 1.1a) which in textbooks is often referred to as the Benson-Calvin cycle. Besides
aquatic photosynthetic organisms, most higher land plants utilise this method of carbon
fixation, e.g. almost all trees and shrubs, most herbs as well as generally grasses

preferring wet, cool growing seasons.

It is generally assumed that the C; pathway is the oldest way of photosynthesis among
higher plants since their advent some 450 million years ago occurred at a time of relatively
high concentrations of atmospheric CO, (Sage 1999, 2004). In the long course of Earth’s
history, there were also periods when the environmental conditions for C; plants were less
favourable. For example, relatively high oxygen (O,) concentrations like in the
Carboniferous around 360 to 286 million years BP (Berner, 1993) and in the past 35
million years cause photorespiration in green plants. Photorespiration is an energy-
wasting process by which CO, assimilation is inhibited by O, and CO, is re-released. This
process originates in the bifunctional nature of RuBisCO and the generation of glycolate
bisphosphate in the oxygenase reaction of ribulose bisphosphate (RuBP; Leegood,
1999a). The rate of photorespiration is promoted by an increase in temperature and

irradiance and by an increase in the O,/CO, ratio. Up to 40% of newly fixed carbon
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Fig. 1.1. a) Simplified scheme of the Benson-Calvin cycle (C; photosynthesis) and b) of the
Crassulacean acid metabolism (CAM photosynthesis) according to Libbert (1991) and Leegood
(1999a; 1999b). The Benson-Calvin cycle can be divided into three phases: (1) carboxylation
catalysed by RuBisCO, (2) reductive phase by which PGA is converted into PGAL, and (3)
regeneration of the CO, acceptor RuBP. The CAM photosynthesis shows the temporal separation
of assimilation of CO, by PEPC prior to fixation in the Benson-Calvin cycle. Nocturnal CO,
assimilation leads to malate storage in the vacuols. During the day, malate is decarboxylated to
provide CO, for fixation in the Benson-Calvin cycle.

may be re-released as CO, under environmental conditions of high light intensity and high
temperatures like in tropical and subtropical climates, or at the low atmospheric
concentration of CO; in the past. To counteract the loss of CO, under these conditions, Cs

plants operate with widely open stomata which dramatically lower the water use efficiency
(WUE) by evaporation loss.

CAM photosynthetic mechanism

A significant part of plant evolution was the development of mechanisms for inhibiting
photorespiration by concentrating CO, around RuBisCO. One of these mechanisms is the
oldest alternative way to photosynthesis following the C; pathway, the Crassulacean acid
mechanism (CAM), which is named after the plant family in which this physiological

system was first observed. The use of a dual carboxylation pathway, i.e. initial CO, fixation
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1 - INTRODUCTION

with phosphoenolpyruvate carboxylase (commonly referred to as PEPC) and then by
RuBisCO, is separated temporally in the same tissue (Fig. 1.1b; Leegood 1999b; Keeley
and Rundel, 2003). Stomata are open at night to take in and fix CO, using PEPC. The CO,
is temporarily stored subcellularly in the vacuole, primarily as malic acid (Fig. 1.1b). During
the day, closure of stomata in terrestrial plants reduces water loss to a minimum and
inhibits CO, leakage due to the prevented photorespiration. It results in an internal carbon
deficit which is overcome by decarboxylation of the stored malic acid. The process
concentrates CO, around RuBisCO resulting in daytime internal inorganic carbon levels
two to 60 times ambient levels (Luttge, 2002) before the CO, enters the subsequent
Benson-Calvin cycle (Fig. 1.1b). However, if the stored acid is used up at daytime, the

stomata open to use fresh CO; in the normal C; pathway.

The CAM pathway is rather uncommon in the plant kingdom. It is used by only 20,000
to 30,000 species of the estimated 250,000 land plant species (according to Sage, 2001,
2004) and specifically by highly specialised plants adapted to survive in extreme
conditions. These plants often experience periods of drought with extreme water shortage
during the day. They have particular morphological features such as large vacuoles for
carbon and water storage, which give the tissues a succulent appearance. However, this
adaptation is an expensive process. Compared to CAM plants the C; plants just let CO,
diffuse to the RuBisCO enzyme. Many CAM plants grow slowly and can become very old.
The CAM mechanism is best known from modern-day desert succulents but also many
epiphytes, like bromeliads and orchids. As a curiosity, some submerged aquatic plants
have been found to use this pathway. Typical dry-subtropical vegetation consists of
xerophytic (adapted to dry conditions) shrubs and CAM plants.

C4 photosynthetic mechanism

The other 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 the C, photosynthetic pathway. The
C,4 photosynthesis is fundamentally different from the more common C; pathway: first, CO,
is actively fixed by a light-regulated PEPC instead of RuBisCO, like in CAM plants. Unlike
in CAM plants, PEPC in C,4 plants is active in the light. Stomata are less open during the
day. CO; is fixed preliminarily in the form of a dicarboxylic C, acid, oxaloacetate (OA),
which can be converted into aspartate and/or malate. C, plants create an internal pool of
C, acid which releases CO, inside the bundle sheath tissue, where RuBisCO is located

which in turn supplies the CO, to the subsequent Benson-Calvin cycle (Fig. 1.2). C, plants
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Fig. 1.2. Simplified pathways of the three carbon dioxide assimilation variations of the Hatch-Slack
cycle (C4 photosynthesis): a) “NADP-ME®, b) “NAD-ME”, and c) “PCK”; according to Hatch et al.
(1975), Hattersley (1987) and Leegood (1999b). Generally, atmospheric CO; is initially fixed inside
leaf mesophyll cells in a reaction catalysed by PEPC. The resulting C, acids are decarboxylated
inside the bundle sheath cells, providing a source of CO, for RuBisCO and the normal Benson-
Calvin cycle. Values of the CO, concentration inside the bundle sheaths and the leaf mesophyll
cells are from Ehleringer et al. (1991).

have a strategy which is different from that of the specialised CAM plants, in which the two
processes are separated in time allowing the plant to minimise daytime water loss due to
evaporation. The C, pathway involves a separation in space. The leaf tissue is divided into
two separated specialised compartments, the photosynthetic assimilation in the mesophyll
cells (PCA) and the adjacent photosynthetic reduction tissue of thick-walled bundle
sheaths which surround the vascular bundles (PCR; Laetsch, 1969). 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
C5/CAM. Due to this space separation in photosynthesis, C, plants are able to control the
supply of CO, to the RuBisCO enzyme without interference by the competing O,.
Furthermore, the CO, concentrating mechanism leads to a 10- to 20-fold higher CO,
concentration around RuBisCO than in the mesophyll cell (Fig. 1.2; Ehleringer et al.,

6



1 - INTRODUCTION

1991). This prevents photorespiration and evaporation and results in a high WUE in
growth areas of high temperature, high irradiance, limited water supply and low
atmospheric CO, concentration (Bjorkmann, 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 response to a decline in
concentration of CO,. This led to its distribution among a wide range of phytogenetically
unrelated plants. The C4, mechanism is predominantly found in tropical grasses, followed
by sedges and dicotyledons (Kellogg, 1999; Leegood 1999b; Sage et al., 1999b; Giussani
et al., 2001; Sage, 2001; Keeley and Rundel, 2003; Sage, 2004). Three different C, sub-
groups evolved which possess enzymes responsible for decarboxylation of the internal
carbon pool: (1) Those using the nicotinamide adenine dinucleotide phosphate malate
dehydrogenase enzyme (NADP-ME; malate as CO, supplier), (2) those using the
nicotinamide adenine dinucleotide malate dehydrogenase enzyme (NAD-ME; aspartate),
and (3) those using the phosphoenolpyruvate carboxykinase enzyme (PCK; aspartate;
Hatch et al., 1975). In Fig. 1.2a-c these different mechanisms are shown in a simplified
manner, and it is clear that the biochemistry of these three C, subtypes is quite different.
The “Kranz” leaf morphology typical for C, plants is slightly different in all of the three C,
subtypes, and it is thus possible to identify the subtypes by investigating the leaf
morphology (Dengler and Nelson, 1999). It is of interest to note that the subtypes occupy

o NADP-ME
o NAD-ME
80 + © PCK °

40 +

Percentage of C,-subtype grass (%)

20 T

Normal annual precipitation (mm)

Fig. 1.3. Relationship between annual precipitation and the percentage of the C, grass flora that
uses the NAD-ME, NADP-ME, and PCK biochemical variations of C, photosynthesis for 32 sites in
the USA (after Taub, 2000).
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different ecological niches and that the distribution of different C, grasses holds important
climatic information. For example, in subtropical and tropical grasslands, there is a
consistent transition from a dominance of PCK- and NAD-ME-type grasses in drier regions
to mainly NADP-ME-type grasses in regions of higher precipitation (cf. Fig. 1.3; Vogel et
al., 1978; Schulze et al., 1996; Taub, 2000).

Factors controlling Cy4 versus Cs contribution to the vegetation

Compared to CAM plants, generally, the C, plants are not represented in a high
species number (about 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
great because they provide the principal vegetation cover of the tropical and subtropical
areas. This is due to several advantages over the more widespread C; pathway. Most C4
plants are confined to warm climates, where they are more efficient than C; grasses.
However, the strategy of C, plants is not like that of CAM plants to merely survive in
niches where C; plants cannot thrive. Their strategy is to grow and out-compete C; plants
in places where the climate is warm enough to give them an advantage over the C; plants.
In Fig. 1.4a-d it is shown that the response to temperature, CO, as well as O,
concentration, and light is different in C3 and C, plants. In C; plants, the quantum yield of
CO, uptake in normal air falls as the temperature rises (Fig. 1.4a). In contrast, the cost of
fixing CO, in a C, plant remains constant in relation to changes in temperature and CO,
concentration (cf. Fig. 1.4a and b). In the absence of possible photorespiration (at low O,
concentration in the air) and at low light, C; plants are more efficient than C, plants and
exhibit the same constancy in the CO, uptake (cf. Fig. 1.4a and b). With respect to light
intensity C; and C, species perform photosynthesis at nearly the same rate at low
illumination (Fig. 1.4c). With increasing light intensity both photosynthetic types increase
their photosynthesis rate, but rates for the C,4 species are higher than for the C; species at
full light intensity (Bjérkman and Berry, 1973; Bjorkman, 1976). CO, assimilation has an
optimum at 20-30°C in C; leaves and at 30-40°C in C,4 leaves (Fig. 1.4d). However, the
temperature dependency of C; photosynthesis is a function of the concentration of CO, or
O, which increases or suppresses photorespiration, just as the light intensity dependence
is altered. At high concentration of CO, the temperature response of a C; leaf becomes
similar to that of a C, leaf and the decline in carbon uptake in a C; leaf can be attributed to

an accelerated rate of photorespiratory loss (Leegood, 1999b).
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Fig. 1.4. The diagrams show the quantum yield for net CO, uptake of Encelia californica (Cs) and
Atriplex rosea (C,) as a function of a) temperature in the air, b) CO, and O, concentration (after
Osmond et al., 1980), c) the quantum yield of the closely related plants Atriplex patula (C3) and
Atriplex rosea (C,) as a function of light intensity (after Bjérkman and Berry, 1973), and d) the
temperature dependence of photosynthesis in the prairie grasses Agropyron smithii (C3) and
Bouteloua gracilis (C4; after Edwards et al., 1985).

The C, plants can significantly reduce photorespiration by their typical “CO,
concentrating mechanism”. They are more efficient than C; plants in open, sunny habitats,
but if the light is dimmed by the shade of other plants or by clouds, the superiority of one
species over the other would be insignificant. The C, plants are superior
photosynthesisers under combined circumstances of intense solar radiation and high
temperature characteristic of an arid habitat on clear warm days. As a consequence, C,
plants also have a higher WUE allowing them to grow in climates with low precipitation or
in slightly saline environments. However, improved WUE is sometimes over-interpreted
and leads to the erroneous conclusion that C,4 plants thrive in arid environments. C,4 plants
have no morphological modification to avoid water loss like CAM plants. An illustrative
example fore the fact that the occurrence of C, plants does not necessarily mean aridity

are the tropical sedges such as the C, plant Cyperus papyrus (papyrus), which grows in
9
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tropical Africa and is a swamp plant (Jones, 1987). It can dominate African swamps
because the high temperatures enable C, Cyperaceae to perform better than their C;
relatives. In fact, the C, type is more common among monocotyledons than among
dicotyledons, and it is thought that the C, photosynthesis is limited to angiosperms. 79% of
all C, plant species are monocotyledons, most of them being grasses (about 60% of all C,
species; Sage, 2001, 2004). For example, competing C; and C, grasses occurring in
grasslands have two distinct growing seasons: C; grasses mostly grow in cooler, moist
months whereas the C, grasses grow in hotter, dryer months (Williams, 1974; Winslow et
al., 2003). In temperate latitudes, C; grasses start growing early and have sole access to
the water stored in the soil from melting snow and spring rain. C, grasses start later when
temperatures are higher, and both grasses will have access to the available water,
predominantly from rainfall. Finally, when temperatures increase, C; grasses undergo
senescence so that C, grasses will have sole access to the available water from rainfall
(Winslow et al., 2003). Ehleringer et al. (1997) and Collatz et al. (1998) developed an
ecophysiological model equation (Equation 1.1) depending on atmospheric CO, partial
pressure (pCO,). The model predicts the temperature at which C4, monocotyledons and

dicotyledons start to gain importance at the expense of C; plants (Fig. 1.5).

Equation 1.1
Tsoe: Crossover temperature
Qqo: Relative change in s,5 due to 10°C
a temperature change
1+0.500-% p: Internal leaf partial CO, pressure

_ 10 poO, Oc, pO,: Partial atmospheric O, pressure
50% ~ | Q (In s E a +25 s,5:  Specificity of RuBisCO for CO, relative
10 PiS2s G _1 to O, at 25°C
Oc, Ocs:  Intrinsic quantum efficiency of C;

Ocq: Intrinsic quantum efficiency of C,

For more details see Collatz et al. (1998)

Tso% Mmathematically describes the crossover temperature at which both C; and C, plant
types are equally important at a defined pCO, level and the transition of C;- to C4-favoured
vegetation occurs. The pCO; at the site of fixation during active C; photosynthesis due to
diffusion across stomata, intercellular air space, cell wall, and membranes, is always lower
than the ambient atmospheric pCO, (Collatz et al., 1998). At current pCO, and 25°C, the
maximum rate of net CO, fixation by C; plants is only about 20% of the maximum capacity
of RuBisCO in leaves, and about 20% of the photosynthetic light reaction products are
used for the unproductive photorespiration reaction (Laing et al., 1974; Collatz et al.,
1977). Therefore C; plants are less competitive relative to C4 plants at low atmospheric

pCO,. C, plants will be able to dominate over the C; species except for colder
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Fig. 1.5. Predicted superiority of favoured C; plants and C, plants (monocotyledons and
dicotyledons) as a function of temperature and atmospheric pCO, (after Ehleringer et al., 1997 and
Collatz et al., 1998). The modeled crossover temperatures (after Equation 1.1) are displayed, at
which the quantum yield for CO, uptake is equal for C; plants and for the respective C, plant type
(lines). The conditions for both monocotyledons and dicotyledons are shown for NADP-ME C,
plants (upper boundaries) and NAD-ME C, plants (lower boundaries). Atmospheric CO,
concentrations are also displayed as values for glacial maximum (lower bar) and interglacial
periods (upper bar; values after Jouzel et al., 1987).

areas where, under current pCO, conditions, C4, grasses have only minor importance
compared to C; species (cf. Fig. 1.5). Collatz et al. (1998) successfully predicted that
today’s global C, plant distribution is determined by temperature. In areas where growing
season temperature exceeds 22°C, C, monocots (mainly grasses) dominate over C;
plants (Fig. 1.5).

Ehleringer et al. (1997) used this model to demonstrate that the evolution of C,4
grasslands was coupled to a gradual decline in atmospheric CO, during the Palaeogene
(65.5 to 1.8 million years BP). Thus, this model is also competent to explain vegetation
changes in the younger Earth history, e.g. in the Pleistocene (1.8 million years BP to 11.5
kyr BP) and the Holocene (11.5 kyr BP to present). These geological times are
characterised by an alternation between glacial and interglacials. The ice core record from
many cores shows that glacial maximum CO, concentrations were between 180 and
200 ppmV during glacial periods and reached 270 to 290 ppmV during interglacial periods
(Jouzel et al., 1987; Neftel et al., 1988; Leuenberger et al., 1992; Petit et al., 1999).
Numerous sites in the world also provide evidence for a more extensive distribution of C,
ecosystems (especially grasslands) in glacial periods than in the recent interglacial period
(e.g. Street-Perrott and Perrott, 1993; Jolly and Haxeltine, 1997; Street-Perrott et al.,

11
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1997). Thus, lowered atmospheric pCO, levels in glacials may have resulted in the
appearance of C,-dominated grasslands (Cerling et al., 1993, 1997; Ehleringer et al.,
1997). BIOME3 and BIOME4 models (Prentice et al., 1992; Haxeltine and Prentice, 1996,
2003) show that under lower atmospheric pCO, global vegetation patterns change. In a
single simulation of BIOME3 Jolly and Haxeltin (1997) showed that in tropical Africa, at
high elevation, scrub vegetation replaces montane forests when pCO, is reduced. A C,

grassland was also simulated, when both pCO, and precipitation were reduced.

Although there is no doubt that C, plants occupy ecological niches, such as areas with
drier climatic conditions, the main factor controlling their distribution is temperature, which
in turn is a function of atmospheric CO,. The model of Ehleringer et al. (1997) and Collatz
et al. (1998) is able to predict the distribution of C, plants (especially tropical grasses) in
time and space. Usually, C, grasses are always more effective under warm conditions
than C; grasses. Principally, the productivity of grasses is determined by light and water.
Grasses are extraordinarily versatile. They have an enormous significance of biotic factors
in moderating the competitiveness and relaxing the influence of climate as a controlling
factor (Clayton and Renvoiz, 1986). They are found in places world-wide, where a marked
seasonality in the rainfall provides adequate moisture during limited growing seasons. In
dry places, the shallow-rooted grasses, especially those species using the C, pathway,
receive sufficient moisture to grow which leads to a dominance of grasslands and
savannas. Under current pCO, most of the C, grasses are found in places where, during
the growing season, average monthly temperatures exceed 22°C and rainfall is more than
25 mm per month (Ehleringer et al., 1997; Collatz et al., 1998). However, in terms of
vegetation dynamics, not only grasses and herbs should be taken into account. A forest
which is dominated by C; trees will shade C, grassland no matter how prolific and remove
the advantage the C, plant might have in full light. Thus, a far more important issue in

terms of competition is light.

Several simple models have been developed that describe today’s environmental
conditions defining and limiting global terrestrial ecosystems. For example, one of the
earliest models (Whittaker, 1975) used annual rainfall patterns and annual temperatures
(Fig. 1.6a). Generally, six major physiognomic types were described: forest, grassland,
woodland (small trees, generally in open spacing), shrubland (dominated by shrubs above
50%), semidesert scrubland (semiarid communities with shrub and other plants forming a
sparse vegetation cover), and desert (plant cover very sparse, often much below 10%).
Each of the six types occurs in a wide range of environments. In Whittaker’'s (1975) model
savannas are described as subtropical grasslands, with or without scattered trees or

shrubs. However, commonly they are described as biomes with continuous
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Fig. 1.6. a) Pattern of world major terrestrial biome types in relation to climatic rainfall gradients
and temperature (modified from Whittaker, 1975). Boundaries between types are approximate.
Humid and arid climates, maritime versus continental climates, soil effects, herbivore activity, and
fire effects can shift the balance between woodland, shrubland, and grassland. The dot-and-dash
line encloses a wide range of environments in which either grassland, or one of the vegetation
types dominated by woody plants, may form the prevailing vegetation. Tropical savannas and
grassland are displayed in the hatched area. Numbers and white dots refer to mean annual data
of climatograms of stations in southwest Africa presented in Fig. 1.7 (page 16) from North (1) to
South (10; cf. appendix, Chapter 7, Table 7.1, page I). The light-grey area represents the
southwest African continental variation in mean annual temperature and precipitation (according
to data of climatograms presented by Walter et al., 1975). b) Modified Walter/Walker model of
southwest African tropical savanna vegetation showing the transition from grassy to woody

vegetation, which depends on soil texture and rainfall abundance (after Walker and Noy-Meir,
1982).

grass strata and discontinuous tree or shrub strata, whereas grasslands are separated
from the savanna biome and represent the opposite of forest (Huntley and Walker, 1982;
Bourliere, 1983; Werner, 1991). Savannas represent a transition biome which occurs in
climates too dry for forest. Soil conditions or fire, or both, rather than climate cause their
appearance also in less arid to temperate climates. Tropical savannas are replaced by
woodlands and forests at higher rainfall regimes, by thorn-scrublands and desert at lower
rainfall regimes (cf. hatched area in Fig. 1.6a). In areas where the amount of rainfall would
normally lead to the development of woodlands, high grazing activity of herbivores and
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fires control seedling establishment and prevent savanna from evolving into woodland
(Norton-Griffiths, 1979; Gillon, 1983; Frost and Robertson, 1987; Bond and van Wilgen,
1996; Bond, et al., 2003). Tree dominated tropical rainforest occurs in the humid and
warm tropics where rainfall is abundant and well distributed over the year. Trees are often

tall (up to 30 to 40 m) and of numerous species.

Not only climatic factors like temperature and precipitation limit vegetation types. Also
edaphic characteristics, soil moisture and available nutrients govern the vegetation type.
For example, an essential aspect of a savanna is the alternating wet and dry soil phase.
The soil moisture dynamics vary with depth. The upper layers, to which grass roots are
restricted, dry out first. The lower layers, sometime in weathered broken bedrock, remain
above the wilting point much longer and are accessible by woody vegetation roots only. A
simple regional model for the transition biomes between deserts and forests is the
Walter/Walker model (Fig. 1.6b). Walter (1971) identified rainfall as the major factor
governing savanna physiognomy in African savannas. His description of savanna function
was developed and expanded into a series of models by Walker et al. (1981) and Walker
and Noy-Meir (1982). The simplest model is based on two environmental gradients,
rainfall and soil texture (Fig. 1.6b). In low-rainfall areas only grass species received
sufficient moisture to grow and grasslands dominate. In higher-rainfall areas water
percolates to lower soil horizons, allowing the more deeply rooted trees to survive periods
of drought. Trees and grasses coexist in a typical savanna vegetation. Woodlands
dominate in areas of high rainfall since soil moisture is sufficient to support a closed
canopy, which shade out the grasses (cf. Fig. 1.6b). The proportion of trees and grasses is
inherently unstable, and small changes in climate or land-use practice can lead to rapid
changes in biomass and soil properties. Increasing (Cs;) woodiness is associated with
increasing rainfall and with the possibility for water-storing in deeper soil layers. Hence,

the distribution of C4 grasses holds important ecological information in the tropics.

Overall, based on the knowledge of distribution of the photosynthesis types within plant
species, the environmental conditions determine the type of photosynthesis preferred by
plants and the representation of C; and C, plants in typical ecosystems across the world.
The C; versus C, competition may be simplified and reduced to a two-component
ecosystem valid in tropical and subtropical environments: tree- and shrub- dominated
vegetation is mainly C; vegetation, and grass-dominated vegetation is mainly C4

vegetation.
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1.3 Cj;, C4 and CAM plant distribution on the southwestern African

continent

Today’s climatic conditions as well as edaphic characteristics lead to a vegetation of
southern Africa which ranges from equatorial lowland rain forest, dry forests, woodlands
and savannas to grasslands and deserts as well as finally to Afroalpine vegetation as
represented in Figure 1.7 in a simplified way (cf. biomes in the light grey area of Fig. 1.6).
The climatic gradients govern the distribution of C; versus C, (and CAM) plant contribution
to the vegetation. Figure 1.7 displays a few climatograms which present a decrease in
annual precipitation from North to South, accompanied by a decrease in annual
temperatures. The southern African climate is mainly influenced by a subtropical high-
pressure system, which controls the air mass along the southwestern African coast. The
cold oceanic upwelling water, induced by the wind-regulated “Ekman-Drift” at western
oceanic continental margins (Shannon and Nelson, 1996; Lutjeharms and Meeuwis, 1987,
Lutjeharms and Stockton, 1987), reduces the evaporation and causes a temperature
reversal, which reduces the convection and leads to a decrease in precipitation in the
coastal zones. Fogs, which originate from the sea surface of the cold upwelling waters,
inhibit a landward moisture transport in the air masses. Based on these climatic conditions
the world’s oldest desert, the Namib Desert, evolved 55 million years ago. It extends in a
strip along the African west coast (exceeding 2000 km in length; cf. Fig. 1.7; Lancaster,
1984). The northern boundary of the Namib Desert is accompanied by the northernmost
upwelling area of the ocean (cf. Fig. 1.7). Eastwards of the Namib Desert, in the African
hinterland with a height above 1000 m, the vegetation is mainly represented by a transition
from grasslands and savannas to dry woodlands and forests. These are the largest
biomes in southern Africa. The woody species are C; and the grass species mostly C,4
plants. They are found in a climatic zone, which exhibits an increase in annual
precipitation from 100 mm to over 1000 mm. Southwards, an inactive system of shifting
sand dunes is covered by grass-, scrub-, and woodland (dry savanna). This area, the
Kalahari-Plateau, has an annual precipitation of 250 mm to 500 mm (Fig. 1.7). Further
south, the Succulent and Nama Karoo semi-deserts exhibit thorn-bush and scrub
vegetation, which is bordered by the southernmost Cape Fynbos vegetation zone (White,
1993; Cowling et al., 1997). The semi-desert and desert regions are dominated by C4
plants (grasses and weeds), but CAM plants are also abundant. The Succulent Karoo is

rich in CAM plants but poor in C; plants. C, plants are also almost absent
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Fig. 1.7. Climatic classification and simplified phytogeographical units of today in southwest Africa
(continental colour codes according to C, plant occurrence). Also shown are main upwelling cells
along the southwest African coast (dark red areas; according to Shannon and Nelson, 1996). The
figure is based on a broad brush assessment of the distribution of C;, C4, and CAM plants by using
maps of White (1983), Cowling et al. (1997) and of the satellite images of the Africa Land Cover
Characteristics Database 2.0 (Loveland et al., 2000; http://edcdaac.usgs.gov) as well as lists of C,
plants of Dowton (1975), Raghavendra and Das (1978), EImore and Paul (1983), and Smith and
Winter (1996). Climatograms are according to Walter and Lieth (1960-1967) and Walter et al.
(1975). For more details see White (1983) and Chapter 3.

in the winter rainfall area of Cape Fynbos. The only regions, where C; plants are
abundant, are Cape Fynbos, the southeastern coastal subtropical forest as well as the
equatorial rainforest and its adjacent biomes. In equatorial swamp forest and lowland
rainforest, C, plants form a small minority. The C, contribution is fairly high in swamp

regions without closed canopy (e.g. Cyperus papyrus, Fig. 1.7; White, 1983).
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1.4 Principles of stable carbon isotopic composition of organic plant
material, a geochemical tool unravelling the use of the C; and C4

pathways

Various proxies have been used in palaeoenvironmental studies to deduce relative
contributions of C3 and C, land plant material to the sediments. Palynological analyses
can determine the contribution of grass pollen and pollen of woody plants, and are thus
useful to distinguish between tree- or grass-dominated vegetation, but are not suited to
clearly differentiate between C; and C, grasses (Moore et al., 1991). Grass phytoliths
(biogene opaline silica bodies present in plant cells) can be identified at a more precise
taxonomic level than grass pollen, relating them to subfamilies with specific environmental
requirements, including C; and C,4 types (McLean and Scott, 1999). Phytoliths are usually
better preserved in sediments and soils than pollen. On the other hand, phytoliths are not
very suitable for biomass estimation, since they are almost entirely limited to grass
species. There are strong differences in the phytolith production among grasses (Fredlund
and Tieszen, 1997). Geochemically the stable carbon isotopic ratio is the most widely

accepted tool to determine the C; or C4 pathway of biogenic organic matter in sediments.

The carbon component of most naturally occurring carbon-containing materials exhibit
98.9% of ?C, 1.1% of *C and about 107'°% of the unstable radionuclide *C. The ratio of
the stable isotopes *C over '?C in atmospheric CO, has been rather constant over time
since the formation of the earth. This ratio, thus, is a powerful tracer for geoscientists, who
can study geological processes using °C as a natural label. The *C/'?C ratios are
measured with isotope ratio mass spectrometers. The stable carbon isotopic composition
is expressed as delta values (5'°C; Equation 1.2) in units of per mil (%o) relative to the
Vienna-“Pee Dee Belemnite” standard (V-PDB, refers to the Pee Dee carbonate formation

in North America).

13 C/lZC .
d°C= [El Pz Cgsampe - 1J [1000 (%o) Equation 1.2
V-PDB

Chemically *C and "°C are indistinguishable, but the physical difference in atomic radii
causes reactions or processes to require slightly more energy if a '>C atom is involved,
which will behave slightly different from '2C. Fractionation between the heavy and the light

carbon isotopes can occur in two ways. Dissolution of atmospheric carbon dioxide in
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seawater, for example, will slightly enrich *CO, relative to ?CO, in the seawater by an
equilibrium isotope effect. In biological systems, kinetic isotope effects during chemical
transformation will enrich the '?C isotope in the products. 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
3C content of the carbon source, (2) isotopic effects during the assimilation of carbon, and

(3) isotopic effects during metabolism and biosynthesis (Hayes, 1993).

Bender (1968) was the first to recognise that higher plants fall into distinct groups on
the basis of the >C/'?C ratio in their organic carbon and that this was related to the
operation of C, and C; photosynthesis. This discovery arose through an interest in *C
dating for archaeological purposes and early observations that corn cobs and kernels of a
wide variety of plant species have a higher "*C/'?C ratio than tissues. Bender went on to
survey a number of grass species and showed the clear link between higher 3'°C ratios
and the taxonomic position of grasses which Hatch et al. (1967) previously had identified
as plants using the C, pathway. Numerous studies confirmed that biomass of C; and C,
plants exhibit distinctive 3'°C values (Fig. 1.8). The C; photosynthetic pathway produces
organic matter with 8'°C values ranging from -23%o to -34%o (Schidlowski, 1987), whereas
the organic matter of C, plants is significantly enriched in "*C and generally ranges from
-12%0 to -14%0 (cf. Fig. 1.8; Schidlowski, 1987). CAM plants are more difficult to

| M C, (grass species)
B8 C, (grass species)
CAM (Bromelia species)

N w B
o o o
L L

Proportion of the investigated species
per photosynthetic pathway (%)
[EEN
o

-20 -15 -10
3'3C (%o vs. V-PDB)
Fig. 1.8. 3'°C values of 474 grass species and of 55 Bromelia species, demonstrating the distinct
difference in isotopic composition between C3, C, and CAM plants. Values collected from Smith and

Epstein (1971), De La Harpe et al. (1981), Hattersley (1982), Koch et al. (1991), Lichtfouse et al.
(1994), Schulze et al. (1996), Muzuka (1999), Pierce et al. (2002), and Boom (2004).
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distinguish, since CAM plants are able to use the C; pathway. When the full CAM pathway
is engaged, the isotopic signature is more like that of C, plants. Therefore, in general,
CAM plants show 8'°C values in-between those of C; and C, plants (Fig. 1.8) depending
on the climatic conditions of the habitat. They approximately range from -10%o to -33%o
(Schidlowski, 1987).

The fixation of atmospheric carbon (CO,, inorganic carbon) as well as the storage of
carbon in the form of organic matter in plants passes through several equilibrium and
kinetic reaction steps, which cause *C/'*C fractionation and affect the &"°C values. At the
CO, level only a fraction of the source carbon will enter the pathway. In all the fixation
processes the heavier *C isotope will react slightly more slowly than the lighter isotope
'2C. This results in a relative enrichment of '2C and a depletion of *C in the product at the
end of the process and an enrichment in '>C in the remaining fraction (which in the case of
plants is the left-over CO,). 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
converted into HCOs' in the lumen of the leaf. This causes a fractionation of about 4.4%o in
C; plants. The second fractionation step in the C; pathway is the enzymatic fixation of
CO,. The carboxylation mediated by RuBisCO results in about 30%o fractionation. The
overall carbon isotopic composition is related to that of atmospheric CO, by the simplified
model relationship for C; plants in Equation 1.3 (Farquhar et al., 1982, 1989).

o :
>BC - 613Cc02 —a- (b1 - a)c_ Equation 1.3
C. .
613CC4p,am = 513Cc02 -a- (b2 +h, P - a)C—' Equation 1.4
D C. L (of
[ Alb, -a)tdt+[ Alb, -a) dt
C C
613CCAI\/lplant = 613C002 —a- 2 2 Equation 1.5

IDAdt+jLAdt

8"Ceapiants 8 " Coaplants O ~Ccampiant: IS0topic composition of the biosynthetic carbon of
the Cj, C4, and CAM plant

3"°Cco2: Isotopic composition of the ambient CO,

a: Variable describes the discrimination by the diffusion of CO, into the leaf

b4, by, bs, by: Variable describes the discrimination against 13002 by RuBisCO in C3
plants (by), by PEPC in C, and CAM plants (b,), by RuBisCO in C, plants (bs)
and during the light period in CAM plants (by)

¢;: CO; concentration in the intercellular space of leaves

¢, Ambient CO, concentration in the air

@: Extent of leakiness

[Pdt and [*dt: Denotes the time integral in the dark (J°dt), and that in the light (/"dt)

A: Assimilation rate
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In C,4 plants, discrimination against *C is more complex. The overall fractionation is
described by the model in Equation 1.4. CO, diffuses through stomata, dissolves, is
converted into HCO3™ and fixed by PEPC into oxaloacetate (OA; cf. Fig. 1.2, page 6). Then
various transformations occur which are different for the various C, types (cf. Chapter 1.2).
At equilibrium, the heavier isotope concentration in HCOj is similar to that in C; plants.
This discrimination depends on temperature, being 8.5%. at 20°C, 7.9%. at 25°C, and
7.4%0 at 30°C (Mook et al., 1974). PEPC discriminates against H'*CO5 by about 2.2%o
(O’Leary, 1981). No further discrimination would occur if the bundle sheath cells would be
gas tight but some CO, and HCOgj' is likely to leak into the mesophyll cells. The isotopic
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 the RuBisCO is located). The extent of leakiness of the bundle sheath is given by ®
in the Equation 1.4 and determines to which extent fractionation occurs by RuBisCO
(Farquhar, 1983; Farquhar et al., 1989).

Plants in the full CAM mode take up CO, and synthesize OA using PEPC; the OA is
then reduced and stored as malate (cf. Fig. 1.2, page 6). 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 discrimination as for C, species with zero
leakage. In the simplest case of C, fixation in the dark and possible C; fixation in the light,
the average discrimination over a 24 h period is modelled by Equation 1.5 (Farquhar et al.,
1989).

The important controls on 8"°C values of plants are the isotopic composition of the
atmosphere and those environmental and physiological variables that influence the ci/c,
ratios in Equations 1.3, 1.4, and 1.5. The *C/'C ratio of the global atmospheric CO, is
largely constant over time. It has only slightly changed over the last glacial/interglacial
cycles with lower 3'°C values occurring during the glacial stage (about -6.8%o. during LGM)
compared to the interglacial (about -6.6%., early Holocene; Friedli et al., 1986;
Leuenberger et al., 1992; Smith et al., 1999). 3C values have declined since the
industrial revolution due to fossil fuel burning to about -7.2%0 to -7.6%0 (Keeling et al.,
1979). 8"*CO, values varied by about 1.5%. during the Pleistocene glacial/interglacial
cycles (Marino et al., 1992). The causes of the glacial/interglacial changes in 5'°C values
as well as the variations in atmospheric CO, concentration (cf. Chapter 1.2; Fig. 1.5, page
11) are unclear. Shackleton (1977) interpreted these changes as the result of a decreased
forest cover during glacial time. However, it is thought that the process of the “biological
pump” regulates the concentration of dissolved CO; in the surface waters of the oceans. It
transports carbon to deep waters. Then the higher alkalinity in the oceans during glacial
times is a consequence of changes in carbonate dissolution or sedimentation. Changes in
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the sea surface temperature affect both pCO, and 3'*CO, by approximately 4.2% per °C
(Takahashi et al., 1993) and 0.11%0 to 0.13%0 per °C (Mook et al., 1974), respectively,
whereas changes in salinity (S) alter pCO. by 10 ppmV per %0S without affecting the 3'°C
value (Weiss, 1974). From the last glacial maximum to the early Holocene the sea surface
temperature measured on tropical corals increased by 5 to 6°C (Guilderson et al., 1994),
whereas ocean salinity, estimated from sea level change, was approximately -1.4%0S
(Fairbanks, 1989). Both may have resulted in an increase in the CO, concentration and
3"3CO, of about 30 ppmV and 0.6%o, respectively. However, these facts alone can not
explain the changes in pCO, and 3"Co, (after Leuenberger et al., 1992, and Smith et al.,
1999) and point to additional unknown factors. Anyway, the global 3'*CO, is not thought to
have changed much during the Pleistocene. It has certainly changed significantly on
longer time scales and has apparently been recorded in the carbon isotopic composition of
fossil plants (Faure et al., 1995; Grocke et al., 2003). Pliocene-Pleistocene variations of up
to 3%0 were reported in marine sediments (Shackleton and Hall, 1984; Grazzini et al.,
1990; Whitman and Berger, 1994). For example, very high variations in the 3"3CO, value
of up to 8%0 have been inferred for the Devonian and Carboniferous (416 to 286 million
years BP; Tajika, 1998).

Long-term variations in &'°CO, on a geological time scale are one feature. On a
regional level several studies showed that large changes in 8'°CO, occur in different
altitudinal layers in forests (e.g. Vogel, 1978; Medina and Minchin, 1980; Schleser and
Jayasekera, 1985; van der Merwe and Medina, 1989). They noted a &'°C gradient of 3%o
to 5.6%0 towards lighter values between upper (>20 m) and lower canopy leaves (or
understory plants; <5 m) and attributed this to recycled CO, of soil respiration. Within
closed canopies or in ecosystems where soil outgassing is high, soil CO, exhibits a lower
3"3C value than that from air in an open space, because it results from the oxidation of
litter material already depleted in "*C and also from root respiration, i.e. oxidation of sugars
with 3"°C values similar to that of the organic matter of the C; trees which synthesized
them (Vogel, 1978). This is a reasonable explanation why differences in leaf isotopic
composition should be expected between open and closed habitats. This will mainly affect
C; plants, because C, plants (mainly grasses) are most abundant in open habitats due to
their affinity to higher light intensities as well as their drought resistance by the carbon
concentrating mechanism. Among the C; species, which are represented in all habitats
(i.e. ferns, grasses, shrubs and trees), the changes in average 5'°C values tend to become
more negative (exceeding 3.3%0) when going from open to closed canopy habitats. This
may be an effect of recycled CO, as well as of irradiance accompanied by warmer

temperatures in the direct sunlight (Ehleringer et al., 1987; Ehleringer and Monson, 1993).
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Especially the 3'°C values of C; plants are affected by several factors causing wider
range in 8"C values compared to C, plants (cf. Fig. 1.8). Arens et al. (2000) collected
factors from the literature that have been cited to influence carbon isotopic discrimination
in C3 plants and are shown in Table 1.1. Environmental factors, such as water stress, can
influence the 3'°C value of the leaf tissue. The water use efficiency of a plant, which is
regulated by stomatal conductance, becomes particularly important in arid habitats. The
discrimination against '*CO, during photosynthesis is greatest when stomatal
conductance is high. When stomata are partially or completely closed, nearly all of the
CO, inside the leaf reacts with RuBisCO or PEPC, respectively, and there is little
fractionation of isotopes. Thus, the isotopic ratio is directly related to the averaged
stomatal conductance during its growth (DelLucia et al., 1988). The same is evident when
photorespiration is avoided during geological periods of high atmospheric O,/CO, ratios.
Whereas the pCO, variation examined by Arens et al. (2000) apparently did not exert a
strong control on plant 3"°C values, the large changes in O./CO, ratios over geological
time scales likely do (Beerling and Royer, 2002). Beerling and Royer (2002) examined
previously reported 5'°C values for fossil plant material and noted that atmospheric
0,/CO;, ratios and atmospheric 3'°C values exert significant controls on fossil plant 3'°C

values. However, environmental factors explained only a relatively small proportion of

Table 1.1 Factors that influence the carbon isotopic discrimination in C; plants (adopted from Arens
et al., 2000). For more details see Arens et al. (2000).

Effect on 8"°Cc3 piant

Effect on

Factor ci/Ca Range Direction Ecological conditions

Recycled CO, little 1-5%o0 negative within closed canopies or in
ecosystems where soil outgassing is
high

Low light increase 5-6%o negative forest understory

Water stress, low decrease 3-6%o positive arid and semiarid climate

relative humidity

Osmotic stress decrease  3-10%o positive high-salinity soils, extreme at high
PCO;

Low nutrients increase 4%0 negative nutrient-poor soils

Low temperature increase 3%o negative polar regions during ice house
times, high altitude

Reduced pCO, with decrease 3-7%o0 positive high mountains

altitude

Growth form and increase/ 1-3%o negative/ variation between trees, forbs, and

deciduousness decrease positive grasses, and between evergreen
and deciduous species

Age (juvenile versus  increase in 2%o0 negative in  seedling or sapling versus

adult) juvenile juvenile reproductive individual

Sun versus shade increasein  1-3%  negative in  variation due to positive in the

leaves sun sun canopy relative to direction of sun

Seasonal variation increase/ 1-2%0 negative/ strongest effect in semiarid and arid

decrease positive climate
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variation in the 3'°C value. In contrast, over 90% of the variation of the carbon isotopic
composition of plant tissue was explained by variation in 3'*CO, of the atmosphere under
which it was fixed (Arens et al., 2000).

Using stable carbon isotope measurements of terrestrial organic material C; and C,
plants can be distinguished through their 3"°C values, which is of great use in the
investigation of palaeovegetation. We do not know much yet on the palaeoecological
aspect of CAM plants. Possibly, CAM plants disturb the reliability of the assessments, but,
looking at the present-day CAM plants, it seems unlikely that CAM plants would have ever
been a large portion of plant biomass, since they usually occupy small ecological niches.
C4 and C; plants are in the focus of attention of palaeo-orientated scientists working with
stable isotopes to reconstruct palaeoenvironments, especially the palaeoclimatic
conditions, by determining the proportion of representatives of the photosynthetic
pathways in the vegetation. Features such as Kranz anatomy are seldom preserved in
fossil material. The leaf itself is often not preserved as such and simply does not allow
investigation at all. The only material omnipresent in geological archives is
morphologically degraded organic material. Bulk marine sediments typically contain at
least some marine-derived organic matter and typically cannot be used easily to determine
the carbon-isotopic composition of terrestrial plants on the adjacent continent on a bulk
level. In contrast, specific biomarkers, derived solely from higher plants are useful for such
investigations (Pancost and Boot, 2004). In general, all aerially exposed organs of higher
land plants are covered by wax lipids. Waxes can easily be dispersed by wind and rivers,
can be associated with plant detritus (dead plant parts) or adhered to dust particles and
can thus end up in soils as well as lake and ocean sediments. They function as molecular
isotopic biomarkers for plants. Long-chain n-alkanes (/7-Cy; to 7-Czs) with an odd-over-
even carbon number predominance and long-chain n-alkan-1-ols (7+Cy to 7-Cs4) with an
even-over-odd carbon number predominance are major components of leaf waxes
(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 rnalkanes; Collister et al., 1994), so that their 3'3C ratios vary between -32%o
and -39%o0 in C; plants and between -18%. and -25%0 in C, 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 equation, the bimodal mixture model (Equation 1.6), can be used to estimate
the contribution of the C; or C, photosynthetic pathway by using compound-specific stable

carbon isotopic compositions.
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13 _ 13 13 .
o CSWB - (:I-_nc4)[6 CWB—C3pIant *+Ne, (D CWB—C4pIant Equation 1.6

3"°Cswes: measured 8"°C value of sedimented leaf wax biomarker
5" °Cwe.c3 piant: 8 °C Value of the biomarker in Cs plant leaf waxes
5"°Cwa.ca piant: 8 °C value of the biomarker in C, plant leaf waxes
Nc4: proportion of the C, plant wax signal to the total biomarker

Thus, records of plant signatures may hold important climatic information. A
combination of molecular stable isotopes and pollen analyses (as well as that of
phytoliths) will provide a wealth of ecological information that will be a powerful tool to the

ecophysiologist and to the palaeo-orientated scientist.

1.5 Motivation, outline and objectives of this project

The aim of this project arose from geochemical assessments of marine versus
terrigenous organic matter in marine sediments by using carbon isotopic data of bulk
organic matter to calculate their respective proportion. Marine autochthonous carbon
(phytoplankton) is "*C-enriched (-18%o to -24%o) compared to the carbon delivered to the
ocean from a typical terrestrial environment (-26%o0 to -28%o0; Fontugne and Duplessy,
1981; Jansen et al., 1984; Sackett, 1989; Mariotti et al., 1991; Schneider et al., 1996). This
simple two-component marine/terrestrial assessment was frequently performed because
the contribution of C, terrestrial plants to marine sediments was considered negligible (e.g.
Jansen et al., 1984; Mariotti et al., 1991; Schneider et al., 1996). Recent studies, however,
indicated the supply of a significant amount of organic matter from C, plants to sediments
in the North Atlantic off the West African coast (Huang et al., 2000) and in the equatorial
Atlantic (Wagner, 1998, 1999; Wagner and Dupont, 1999; Wagner, 2000). The highest
ever recorded bulk isotopic value of organic matter exceeding -18%o. was found in marine
sediments from an area off the East African coast (Muzuka, 1999). This 3°C value
indicates an abundant terrigenous C,4 plant component and implies that previous studies
may have significantly overestimated the proportion of marine organic matter in certain
sedimentary areas. Since C, plants are characteristic of savanna-type vegetation
(grasses), variations of C4 plant proportion in continental margin sediments will provide
information on vegetation changes on the adjacent continent as a function of time
(glacial/interglacial) and space (geographic latitude). An extension or regression of

savanna areas depends on the respective climatic conditions.
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In a study of sediments from Ocean Drilling Program (ODP) cores from the Congo Fan
and the Angola Basin, evidence for the presence of terrestrial C, plant material was
obtained from the molecular and isotopic analysis of ralkanes (Gintner, 2000). It was
suggested that plants of warmer tropical climates biosynthesise longer-chain wax
components than plants in habitats of the temperate regions (e.g. Gagosian and Peltzer,
1986; Poynter et al., 1989). This concept has been used to reconstruct continental climate
development in studies of marine sediments, in which contents of longer-chain-length
alkane homologues covaried with higher sea-surface temperature estimates (Hinrichs et
al.,, 1997; Rinna et al., 2000), although, Schefuf3 et al. (2003b) did not find the same

relationship in dust collected along a North-South transect off the African continent.

Sample locations
B GeoB- @ ODP - coresite
¥ Grass sampling site

Simplified vegetation zones

FETTITTIIEe

.i Desert

-3 Grassland, savanna, scrub-
and woodland

WAZS Tropical- and subtropical-
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Fig. 1.9. Map of Africa with an overview of sampling sites of continental margin sediments,
comprising holes drilled by the Ocean Drilling Program (ODP; Leg 175) as well as piston core
locations of the Geosciences Department of the University of Bremen, Germany (GeoB, cruises M
6/6 and M 20/2 with RV METEOR), and grass plants, which were collected on different field trips at
the African continent (not included on this map are the sampling sites of grasses in Peru and
Australia). Also shown are political boundaries on the continent (countries where grass samples
were collected are labelled) as well as simplified phytogeographical units of today (based on maps
of White, 1983, and of the Global Land Cover Characteristics Database 2.0, Loveland et al., 2000;
http://edcdaac.usgs.gov). For more details see Fig. 1.7 (page 16) as well as chapters 2, 3 and 4.
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They argued that precipitation (aridity) is more important in governing higher plant
rn~alkane distributions. Many other palaeoenvironmental studies found a shift to longer-
chain homologues with heavier compound-specific 3'°C values and attributed these
findings to an increase in abundance of C, vegetation (e.g. Ficken et al.,1998; Huang et
al., 2000; Zhao et al., 2000; Boom et al., 2001, 2002; Conte and Weber, 2002a, 2002b;
Scheful’ et al., 2003a; Zhang et al., 2003). However, analytical data for leaf waxes of C,
plants (especially grasses) are only sparsely available in the literature (e.g. Rieley et al.,
1991, 1993; Collister et al., 1994; Smith et al., 2001; Boom et al., 2002; Chikaraishi and
Naraoka, 2003).

The above mentioned overestimation of marine organic matter as well as the lack in
data of biomarker signatures of C4 plants was the motivation to conduct the present work.
The focus of this project is a general assessment of the organic geochemical methodology
in a testing area: the vegetation of the southwest African continent and sediment samples
which were recovered in a North-South transect of borehole and piston coring locations
along the southwest African continental margin (Fig. 1.9). Latitudinal changes as well as
the changes in the C; versus C, land plant vegetation with geological time should be
reflected in the organic inventory of marine sediments. This study deals with a molecular-
level estimation of the proportion of C4 plants on the continent by using specific land plant
wax biomarkers (long-chain ralkanes and r+alkanols), which were preserved in marine
sediments. To validate this approach leaves of grasses were collected during different
field trips mainly in southern Africa (cf. Fig. 1.9) and their leaf waxes were analysed. The

key questions of the project are summarised as follow:

= Are long-chain wax r-alkane and r-alkanol carbon number distribution patterns
and compound-specific isotopic compositions valid parameters to elucidate the
molecular C, plants signature of savanna vegetation, which may be reflected and

preserved in marine sediments?

= How does the geochemical assessment based on molecular distributions of key
compounds and bulk and molecular isotopic data compare with the pollen record in

the same samples of southwest African continental margin sediments?

= How can the combined geochemical and pollen data be translated into
vegetational changes on the South African continent taking into consideration

climate-related changes of the wind patterns in the study area?

= How does the molecular information based on wax r+alkanes compare with that of

wax ralkanols?
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= Can wax rralkanol distributions substitute ralkane distributions in cases where
the nalkane pattern is obscured by petroleum hydrocarbons from oil seeps as

previously observed in some southwest African continental margin sediments?

= What is the glacial/interglacial variation of the C, plant fraction in southwest African

continental margin sediments along a North to South transect?

1.6 Outline of the author’s contribution

This thesis presents published material and material submitted for publication from two
interdependent study areas within organic geochemistry. The first category deals with the
chemotaxonomic significance of carbon number distributions and of molecular stable
carbon isotopic compositions of long-chain r+alkanes and r-alkan-1-ols in leaf waxes of
African C, grasses. The second category deals with the relationship between evidence for
latitudinal aerosol transport pathways and lipid and pollen compositions in southeast
Atlantic continental margin sediments. The recovery sites of the sediment samples are
located along a North to South transect on the African continental margin south of the
equator (Fig. 1.9). They follow the major phytogeographic zonations. Vegetation changes
on the adjacent African continent during the Holocene as well as additional three major
glacial/interglacial time slices during the past 140 kyr are recorded. These results of the
studies are compiled in three separate publications, which are presented as individual
chapters (Chapters 2, 3, and 4). As all publications bear the names of several co-authors,
it is clarified below which parts of the individual publications were contributed by the author

himself. A short overview on the individual chapters is also given.

Chapter 2: Chemotaxonomic significance of distribution and stable carbon isotopic
composition of long-chain alkanes and alkan-1-ols in C4 grass waxes

For the first manuscript molecular stable carbon isotopic compositions of long-chain
wax rralkanes and ralkanols as well as their distribution patterns in waxes of 38 grasses,
abundant in southern Africa, were determined. The author investigated 14 grasses and
Anna Plader analysed additional 24 grasses for her diploma thesis, supervised by the
author. Yoshito Chikaraishi made available analytical data of leaf wax r-alkanes of 17
trees and 12 grasses collected in Japan and Thailand. The evaluation and interpretation of
the results as well as the development of the concept, the writing and editorial handling of
the publication was mainly done by the author himself, supported by suggestions from
Geoffrey Eglinton (University of Bristol, UK) and Jirgen Rullkétter (ICBM, University of

Oldenburg, Germany).
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This first manuscript aims at a characterisation of the major C, signatures of tropical
and subtropical savannas, which can be reduced to a C, grass contribution to the
vegetation. Contents, distribution patterns and molecular isotopic compositions of long-
chain ralkanes and r-alkanols in the waxes of 35 C, and three C; grasses were
evaluated for the chemotaxonomic relevance of wax signatures of whole plants and their
parts. The selected grasses belong to different subfamilies and C4-subtypes (NADP-ME,
NAD-ME and PCK). It is shown that the wax signatures of C, grasses are generally
distinguishable from those of C; species by higher carbon isotopic values, higher contents
of longer-chain r-alkanes and r+alkanols. By reviewing relevant botanical and
phytogeographic background information of the tropical grasses studied, it arose that
especially the NAD-ME and PCK C,-subtype grasses, which thrive in extremely arid areas,
contain longer-chain wax homologues. The agreement between the chemical
classification of the grass wax components on a subfamilial level and the previously
reported phylogeny of grasses implies an evolutionary wax adaptation to warm and arid
habitats. The results confirm the validity of these wax signatures as indirect proxies of

continental climate conditions in environmental studies of the tropics and subtropics.

Chapter 3: A north to south transect of Holocene southeast Atlantic continental margin
sediments: Relationship between aerosol transport and compound-specific 5°C land plant
biomarker and pollen records

For the second manuscript molecular stable carbon isotopic compositions of long-chain
r~alkanes and r+alkanols as well as their distribution patterns in lipid fractions of deep sea
sediment samples were analysed, evaluated and interpreted by the author. The integrated
results of pollen analyses and their evaluation as well as interpretation were obtained by
Lydie Dupont (University of Bremen, Germany). Selected geochemical data were taken
from the unpublished theses of Ute Gintner and Claudia Wenzel (both ICBM). The
concept of the publication as well as the discussion of the results were jointly elaborated
during several meetings of the co-authors, and the manuscript was drafted by the author;
Geoffrey Eglinton, Lydie Dupont, Jirgen Rullkétter contributed to it and particularly
improved the language.

In the second manuscript distribution patterns and molecular stable carbon isotopic
signatures of long-chain r-alkanes and r-alkanols of lipid fractions of Holocene sediment
samples were correlated with concentrations and taxonomic distributions of pollen in the
same sediments. The sediment samples were taken from nine cores drilled along the
southwest African continental margin. This multidisciplinary approach provides clear
evidence of latitudinal differences in lipid and pollen composition paralleling the major
phytogeographic zonations on the adjacent continent. The interpretation of the analytical
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data was substantiated by using published information from modelled clusters of wind
trajectories and satellite Aerosol Index imagery (dust and smoke) providing information on
the source areas. Furthermore, published information on present phytogeographic zones
with their known or estimated C3; and C, plant population and climatic information (annual
temperature and rainfall profiles) were used to interpret the analytical data. The results of
this study demonstrate that the combination of pollen data and compound-specific isotope
geochemical proxies can be effectively applied in the reconstruction of the continental
phytogeographic development in the past.

Chapter 4: Glacial/interglacial changes in southern Africa: Compound specific 5°C land
plant biomarker and pollen records from southeast Atlantic continental margin sediments

The third manuscript extends the results compiled in the second manuscript (Chapter
3) to glacial/interglacial variations by using the same proxies, i.e. molecular stable carbon
isotopic compositions of long-chain nalkanes and r+alkanols as well as their distribution
patterns and pollen analyses of the same samples. Analyses, evaluation and
interpretation were done in the same way like mentioned for Chapter 3 (see above).
Additionally, Jung-Hyun Kim, Thorsten Bickert and Barbara Donner (all at University of
Bremen) provided data of high resolution age models of some of the cores. The concept of
the publication and the discussion of the results were jointly elaborated during several
meetings of the co-authors and the manuscript was drafted by the author; Jirgen
Rullkétter, Lydie Dupont and Geoffrey Eglinton contributed to the manuscript and polished

the language.

The third manuscript evaluates glacial/interglacial changes by analysing two interglacial
periods, the Holocene (MIS 1) and the penultimate interglacial period (Eemian, MIS 5e),
and two glacial periods, the LGM (MIS 2) and the penultimate glacial (MIS 6a). Sediment
samples from the same core sites like those described for Chapter 3 were taken for the
three additional time slices. Data of long-chain ralkanes and r+alkanols, of pollen
analyses, calculated clusters of wind trajectories for the Holocene and LGM afford
evidence of glacial/interglacial changes of major phytogeography zonations in the source
areas on the adjacent continent. The multiproxy results illustrate vegetation changes on
the continent, which are discussed on the basis of previously known glacial/interglacial
changes in southern African vegetation as well as climatic conditions. The results of the
study confirm the results of Chapter 3, i.e. the validity of the combination of pollen data
and compound-specific isotope geochemical proxies for the reconstruction of past

continental phytogeographic developments.
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2 - CHEMOTAXONOMIC SIGNIFICANCE OF C, GRASS WAX LIPIDS

2 Chemotaxonomic significance of distribution
and stable carbon isotopic composition of
long-chain alkanes and alkan-1-ols in C,
grass waxes

Florian Rommerskirchen, Anna Plader, Geoffrey Eglinton, Yoshito Chikaraishi,
Jiurgen Rullkétter

This chapter was accepted for publication: Rommerskirchen, F., Plader, A., Eglinton, G,
Chikaraishi, Y., Rullkétter, J., 2005. Chemotaxonomic significance of distribution and stable
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2.1 Abstract

Grasses (Poaceae) are distributed across the world in broad latitudinal belts and are an
important source of C, biomass in the geological record of soils as well as lake and marine
sediments. We examined long-chain leaf wax components of 35 C, grasses of the
subfamilies Aristidoideae, Chloridoideae and Panicoideae from the southern African
grasslands and savannas and three C; grasses of the subfamily Pooideae from Peru and
Australia and review the relevant botanical, phytogeographic and leaf wax compositional
background information. Contents, distribution patterns and molecular stable carbon
isotopic compositions of long-chain n-alkanes (+C,;to 7-Css) and ralkan-1-ols (7Cy, to
n-Cs3y) were used to estimate the chemotaxonomic relevance of wax signatures of whole
plants, separately for different subfamilies and for members of the three C, subtypes
(NADP-ME, NAD-ME and PCK). Two grass species were separated into flower heads,
leaves and stems and the parts analysed separately. Grass flowers contain remarkable
amounts of short-chain ralkanes, which may have a significant influence on the chemical
signature of the whole plant, whereas ralkanol distribution patterns exhibit no
systematics. The stable carbon isotopic composition of both biomarker types in different
plant parts is remarkably uniform. Chemotaxonomic differentiation was not possible on a
species level based on whole plant samples, but was more successful for averages of
subfamily and photosynthetic subtype data. Wax signatures of C, grasses are generally
distinguishable from those of C; species by heavier isotopic values, higher contents of
n-C3q1 and 1-C3; alkanes and the abundance of the 7-Cs;, r~alkanol, which is largely absent
in C; grass waxes. Especially the waxes of the NAD-ME and PCK C,-subtype grasses,

which thrive in extremely arid tropical and subtropical areas, contain high relative amounts
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of longer-chain n-alkane homologues. The chemical classification on a subfamily level,
which is in agreement with previously reported subfamilial phylogeny of grasses, implies
an evolutionary wax adaptation of C, grasses to warm and arid habitats. Our results
confirm the validity of the contents, distribution patterns and molecular stable carbon
isotopic compositions of long-chain r-alkanes and alkan-1-ols as indirect proxies of

continental climate conditions in environmental studies of the tropics.

2.2 Introduction

Plants use two principal types of carbon fixation pathways during photosynthesis. The
first is the so-called C; pathway (Benson-Calvin Cycle), which is thought to have been
used by higher land plants since their advent some 450 million years ago at relatively high
concentrations of atmospheric CO, (Sage, 1999, 2004). Of the estimated 250,000 species
of land plants, about 85-89% use the C; photosynthetic pathway, e.g. almost all trees,
shrubs, as well as grasses preferring wet, cool growing seasons (Leegood, 1999a; Sage
et al., 1999a). The other principal way, the C, pathway (Hatch-Slack-Cycle), requires a cell
anatomy which differs substantially from that of the C; plants (Hatch and Slack, 1966). It is
believed that the physiological adaptation of the C, mechanism evolved independently
many times between 7 and 30 million years ago in response to a decline in concentration
of CO,, conditions that would have favoured photorespiration (Kellogg, 1999; Leegood,
1999b; Sage et al., 1999b; Giussani et al., 2001; Keeley and Rundel, 2003; Sage, 2004).
This has resulted in three C, sub-groups: Those using the NADP-malic enzyme (NADP-
ME; malate as CO, supplier), those using the NAD-malic enzyme (NAD-ME; aspartate),
and those using the PCK enzyme (aspartate) to release CO, from their internally stored
carbon pools (Hatch et al., 1975). These mechanisms of CO, concentration lead to an
improved water use efficiency (Downes, 1969) and prevent ineffective photorespiration at
locations of high temperature, high light intensity, high salinities, limited water supply
and/or low CO, concentrations (Bjoérkmann, 1976; Ehleringer et al., 1997; Collatz et al.,
1998; Winslow et al., 2003; Sage, 2004). Under these conditions, which prevail in certain
subtropical and tropical areas, C, plants successfully outcompete C; plants (e.g. Bjéorkman
and Berry, 1973; Osmond et al., 1980; Edwards et al., 1985).

The independent evolutionary events in the history of the C, photosynthetic mechanism
led to its distribution among a wide range of unrelated plants, and it is represented in
8,000 to 10,000 species in 19 diverse taxonomic families (Sage, 1999, 2004). About 60%
of C,4 land plant species belong to the grass family (Poaceae), followed by sedges (about

20%) and dicotyledons (about 16%; according to Sage, 2004). Within the grass family,
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one half of the around 10,000 species use the C, pathway (Hattersley, 1987; Hattersley
and Watson, 1992). The grass family is not the largest in term of species and genera, but
its environmental importance is great for it provides the principal ground cover of the
grasslands and savannas. In savannas, woody species are significant but do not form a
closed canopy or a continuous cover (Bourliere, 1983). Thereby, the importance of C,
plants (predominantly tropical grasses) decreases with increasing abundance of woody
(Cs) species, which is governed by edaphic characteristics and the climate, especially the
mean annual rainfall (Walter, 1971; Whittaker, 1975). Where grasslands exhibit two
distinct growing seasons, C; grasses mostly grow in the cooler, moist months (Williams,
1974; Winslow et al., 2003). Grassy vegetation occupies a third of the land surface
(Clayton and Renvoize, 1986; Werner, 1991) and is distributed across the world in broad
latitudinal belts (Fig. 2.1a; Hartly, 1950; Cross, 1980). Savannas and grasslands cover
50% of Africa and Australia, about 45% of South America and 10% of India and Southeast
Asia (Fig. 2.1a,b; Werner, 1991).

Grasses may be divided into the major subfamilies Bambusoideae, Chloridoideae,
Panicoideae, and Pooideae (Clayton and Renvoize, 1986; Gibbs Russell et al., 1991;
Watson and Dallwitz, 1992a,b; Grass Phylogeny Working Group, 2001). Pooideae (C;)
reaches their maximum diversity in the temperate zone and Bambusoideae (C;), though
mostly tropical, are mainly confined to humid forest shade. Chloridoids (C,) and panicoids
(mainly C,), on the other hand, are concentrated in the tropics and subtropics
(cf. Fig. 2.2b; Gibbs Russell et al., 1991). They can be found in savanna zones between
deserts and forests (cf. Fig. 2.1a,b; Clayton and Renvoize, 1986), although the chloridoids
in particular grow in extremely arid areas. The subfamilial classification of grass species
undergoes frequent reorganisation due to ongoing reevaluation of phylogeny. The current
phylogenetic tree of grasses, which was elaborated by the Grass Phylogeny Working
Group (2001), consists of 12 subfamilies (Fig. 2.2a). The C, carbon fixation pathway is
generally found in three subfamilies: Aristidoideae, Chloridoideae and Panicoideae
(Fig. 2.2a).

The geographical distribution of the C,-containing subfamilies is linked to the
abundance of C, subtypes within them, because they prefer different habitats of annual
rainfall patterns compared to the rest of the subfamily members (cf. Fig. 2.2b; Schulze et
al., 1996, Taub, 2000; Ghannoum et al., 2001; Wan and Sage, 2001). The NADP-ME
grass species (mainly in the Panicoideae and Aristidoideae subfamilies) predominate in all
regions where C, grasses occur, but they reach their maximum abundance in areas of
moderate moisture with more than 500 mm/a precipitation (e.g. Fig. 2.1c). NAD-ME and

PCK species have their maximum diversity in relatively arid regions with less than 500 mm
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annual precipitation and are concentrated in the subfamily Chloridoideae, where the
NADP-ME subtype is unknown (Fig. 2.1c; according to Ellis et al., 1980; Gibbs Russell et
al., 1991; Renvoize and Clayton, 1992; Watson and Dallwitz, 1992a; Schulze et al., 1996;
Wan and Sage, 2001).

The distinctions in carbon isotopic composition of land plant biomass due to different
carbon fixation pathways can be used to assign plants to the Cs/C, photosynthetic
pathways. The 3"*Croc of total organic carbon (TOC) has characteristic ranges from -23%o
to -34%0 and from -12%o to -14%0 in C; and C4 plants, respectively (Schidlowski, 1987).
Leaf wax lipids during biosynthesis become more depleted in "*C than the total biomass,
e.g. by about 10%o in ralkanes (Collister et al., 1994), so that their 5°C values vary
between -32%o0 and -39%o in C; and between -18%o0 and -25%. in C4 plants (Rieley et al.,
1991, 1993; Collister et al., 1994).

Wax lipids cover all aerially exposed organs of higher land plants to control the water
balance and protect against mechanical damage to leaf cells, weathering, water stress,
and attack by microbes, fungi and insects (Chibnall et al., 1934; Eglinton and Hamilton,
1967; Kolattukudy, 1976, 1980, 1996; Tulloch, 1976; Baker, 1982; Bianchi, 1995; Riederer
and Schreiber, 1995). Their development was a prerequisite for the evolutionary step of
aquatic to terrestrial plants (Gilz, 1994). The thickness of the wax layer is variable and
difficult to evaluate. It depends on many stimulatory effects on wax production like
increase in energy flux, decrease in humidity or soil moisture content (Whitecross and
Armstrong, 1972; Baker, 1974; Baker and Procopiou, 1980). Exceptionally thick layers are
found on leaves of plants which grow under arid conditions (Baker and Procopiou, 1980)

with their particular needs for regulating transpiration (Riederer and Schreiber, 1995).

Long-chain ralkanes and r-alkan-1-ols are major components of leaf waxes (Tulloch,
1976; Bianchi, 1995); mnAlkanes typically occur in the nC,; to nCss range with
characteristic odd-over-even (Eglinton and Hamilton, 1967) and r-alkanols in the 7-Cy to

n-Cs4 range with even-over-odd carbon number predominance (Baker, 1982; Bianchi,

Fig. 2.1. (opposite) a) World map showing a simplified assessment of the global distribution of
areas with typical tropical and temperate grasses including grasslands, savannas, wood- and
scrublands. The assessment is based on maps of Whittaker (1975), Cross (1980), Bourliere (1983),
Coupland (1992), of the Global Land Cover Characteristics Database 2.0 (Loveland et al., 2000;
http://edcdaac.usgs.gov) as well as Sala et al. (2001). b) Map of Africa showing political boundaries
as well as simplified phytogeographical units of today, based on maps of White (1983) and of the
Global Land Cover Characteristics Database 2.0 (Loveland et al., 2000; http://edcdaac.usgs.gov).
Countries where grass samples for this study were collected are labelled. c) Partial map of Africa
showing generalised units of dominating subfamilies of the grass vegetation (grey codes according
to grass subfamily superiority; after Gibbs Russell, 1988), of phytogeographical regions (white text
and broken boundaries) and of mean annual rainfall based on the 1961-1990 mean monthly
climatology of New et al. (1999; alternately dotted and dashed grey lines). Areas of precipitation
where more than 40% of rainfall occurs during the winter season are diagonally striped. All other
areas are summer rainfall areas.
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Fig. 2.2. a) Phylogeny of the grass family based on the grass subfamily classification of the Grass
Phylogeny Working Group (2001). Taxa that contain the C, photosynthetic mechanism are
boldfaced. Number of species of the whole subfamily (bracketed; gathered from the Grass
Phylogeny Working Group, 2001) as well as grass species used for chemical classification, are noted
next to the subfamily. b) Simplified evolutionary sequence of grass embryo types (based on the
postulated sequence of Clayton and Renvoize, 1986). Displayed are the four species-richest
subfamilies Bambusoideae, Chloridoideae, Panicoideae and Pooideae as well as the potentially
crossing subfamilies Arundinoideae and Aristidoideae. Preferred habitat description of the
subfamilies was gathered from the Grass Phylogeny Working Group (2001). C,-containing
subfamilies exhibit further information about the major C4 physiology within the subfamily (according
to Ellis, 1977, Watson and Dallwitz, 1992a,b onwards, and Schulze et al., 1996).
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1995). These compounds are relatively resistant against degradation after the decay of
plants, although the stability decreases from r-alkanes to r-alkanols (Cranwell, 1981).
Epicuticular wax components can easily be dispersed by wind and rivers; they can be
associated with plant detritus or adhere to dust particles and can thus end up in soils, lake
and ocean sediments, which makes them useful higher-plant biomarkers in

palaeoenvironmental studies.

It has been suggested that plants of warmer tropical climates biosynthesise longer-
chain wax components than do plants in habitats of the temperate regions (e.g. Cranwell,
1973; Gagosian and Peltzer, 1986; Poynter et al., 1989). This concept has been used as a
proxy for continental climate development in studies of marine sediments, where contents
of longer-chain length alkane homologues covaried with higher sea-surface temperature
estimates based on long-chain alkenones (Hinrichs et al., 1997; Rinna et al., 2000).
Scheful’ et al. (2003b), however, did not find the same relationship in dusts collected off
the African continent in a north-south transect. They argued that precipitation (aridity) is
more important in governing higher plant ralkane distributions. Other
palaeoenvironmental studies found a shift to longer-chain homologues with heavier 3°*C
values and attributed these findings to an increase in abundance of C, vegetation (e.g.
Ficken et al., 1998; Huang et al., 2000; Zhao et al., 2000; Boom et al., 2001, 2002; Conte
and Weber, 2002a, 2002b; Eglinton et al., 2002; Conte et al., 2003; Rommerskirchen et
al., 2003, Chapter 3; Scheful® et al., 2003a, 2003b; Zhang et al., 2003; Zhao et al. 2003;
McDuffee et al., 2004; Zhang et al., in press). The waxes of C, grasses are cited in several
recent sediment studies as representing important fossil C, plant material (e.g. Boom et
al., 2002; Rommerskirchen et al., 2003, Chapter 3; Zhang et al., 2003; Zhao et al., 2003;
Zhang et al., in press). However, analytical data for r-alkanes and r-alkanols in the leaf
waxes of extant C, grasses are only sparsely available (e.g. Tulloch, 1981, 1984; Dove
and Mayes, 1991; Dove et al., 1996; Chen et al., 1998; Smith et al., 2001). A
chemotaxonomic approach to grass waxes on a subfamilial level by Maffei (1996) was

mainly based on C; grasses.

The present study provides significant background information relevant to the emerging
use of long-chain aliphatic biomarkers in environmental studies. We focused our grass
wax lipid investigation on the southern African tropical and subtropical savannas and
deserts. On a subfamilial and photosynthetic level we evaluate the chemotaxonomic
significance of wax ralkane and free wax r-alkanol carbon number distribution patterns
as well as molecular stable carbon isotopic compositions of thirty-five C, and three C;
grasses. We also make a preliminary assessment of the reliability of wax homologues as
proxy parameters by evaluating the contribution of different plant parts of two grass

species to the whole plant wax signal. By reviewing the botanical background information
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and using the analytical data of the present study together with previously published
analytical data, we elucidate the significance of C, grass waxes for palaeoenvironmental

studies of the tropics and subtropics.

2.3 Description of sampling area, samples and methods

2.3.1 Description of sampling area. Grass diversity and distribution in southern
Africa

The vegetation types of Africa grade south- and northwards from the equatorial lowland
rain forest to dry forest, wood-, scrub- and grassland, different types of savannas and
deserts, and finally to Afroalpine vegetation, southern subtropical and northern
Mediterranean forest. For a broad-brush assessment in Fig. 2.1b we combined
grasslands, savannas, wood- and scrublands into a grass vegetation zone, tropical and
subtropical forest into a tree-dominated vegetation and defined deserts as sparse
vegetation zones. A large part of the African continent is covered by grass-dominated
ecosystems (White, 1983).

The predominance of C4 grass species (Fig. 2.1c) ranges south and eastward from the
central arid desert over the cool temperate highvelds to the humid subtropical east coast
(Vogel et al., 1978). Chloridoideae (Ch), Panicoideae (Pa) and Aristidoideae (Ari) are
common subfamilies (Fig. 2.1c) and grass species of Aristida (Ari, C4), Chloris (Ch, C,),
Cynodon (Ch, C,), Eragrostis (Ch, C,), Panicum (Pa, C,), Sporobolus (Ch, C,),
Stipagrostis (Ari, C4) or the subspecies Themeda triandra (Pa, C,) are dominant (Bayer,
1959; White, 1983; O’Connor and Bredenkamp, 1997). Aristidoideae and Arundinoideae
(Aru) are mostly found in areas with more than 40% of rainfall occurring in winter, like at
the southwest coast of Africa (cf. Fig. 2.1c; according to Ellis et al., 1980; Gibbs Russell et
al., 1988, 1991). Up to 86% of all plant species in the hot dry environment of the southern
Kalahari use the C, photosynthetic pathway (Leistner, 1967), and 95% of the grass
species are C, plants (Ellis et al., 1980). C; grasses are sparse, occupying moist places
on river banks, in lakes and swamps, where the ubiquitous Phragmites species (Aru, Cj)
are dominant (White, 1983). The mountain grasslands are characterised by moist and
relatively cool conditions so that temperate grasses of Pooideae (Po), like Festuca (Po,
Cs) and Bromus (Po, C3) become dominant (Bayer, 1959; White, 1983). Thus, the only
regions where C; grass is more abundant than the C, species are the highest parts of the

Drakensberg mountains and the winter rainfall areas on the west and south coast of Cape
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Fynbos, with outliers on the mountains (Fig. 2.1c; Vogel et al., 1978; Ellis et al., 1980;
Werger and Ellis, 1981).

2.3.2 Samples

For this study we selected thirty-five C, and three C; grass samples of the most
abundant types in southern Africa. Nine grasses belong to the Aristidoideae, 15 to the
Chloridoideae, 11 to the Panicoideae and 3 to the Pooideae subfamilies. Grass samples
were made available by Dr. R.W. Mayes of the Macaulay Institute in Aberdeen (United
Kingdom), Prof. E.-D. Schulze of the Max-Planck Institute of Biogeochemistry in Jena
(Germany) and A. Gerecht of the University of Oldenburg (Germany). They collected
grasses on different field trips for similar lipid and stable carbon isotopic investigations.
Where typical African grass species were not available, we used species of other tropical
or subtropical sampling sites in the world. Grasses from R.W. Mayes were collected by D.
Smith, R.W. Mayes, H. Ali, M. Daniels and their colleagues during wet seasons on
different field trips in Zimbabwe, Tanzania, Sudan, Peru and Australia. Species
assignment was performed by using the field guides of Clayton and Renvoize (1986) and
Gibbs Russell et al. (1991). The samples were dried at 65°C, ground and stored in
annealed glasses. E.-D. Schulze collected plants on a field trip in Namibia in the dry
season of 1964. Prof. O. Volk, University of Wirzburg (Germany), determined the species.
After drying the samples were stored between pieces of paper in a herbarium. A. Gerecht
collected grasses in Namibia during the dry season of 2004. The grass species were

determined by using the field guide of van Oudtshoorn (1999).

Information about the analysed species, sampling locality and season is compiled in
Table 2.1 (page 39). Of Aristida meridionalis, Chloris virgata, Enneapogon cenchroides,
Panicum maximum and Festuca orthophylla we used duplicate samples collected during
different field trips. Grasses collected during the dry seasons were mainly strawy. Three of
the grasses had lost their reproductive parts (cf. Table 2.1). In general, however, complete
grass plants were analysed. Sufficient material of Sporobolus sp. and Brachiaria sp.
(Table 2.1) was available to separate them into flower heads, stems and leaves and, thus,
to estimate the contribution of different plant parts to the whole wax signal of these

species.

To extend the significance of our results by comparison, we collected analytical data of
odd-carbon-numbered n7C,; to mnCi; mnalkanes and even-carbon-numbered free
rn~alkanols of grass waxes from the literature. Data of 291 grasses from different sampling

sites in the world were used to evaluate the general characteristics in wax lipid distribution
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Table 2.1. Grass species studied: Subfamily, tribus, subtribus, species and photosynthetic group membership of analysed subspecies as well as C, physiology,
sample locality and sampling season. Taxonomical classification after Clayton and Renvoise (1986), Watson and Dallwitz (1992a,b onwards) and Grass
Phylogeny Working Group (2001); photosynthetic pathway, habitat and dispersal areas in southwest Africa after Watson and Dallwitz (1992a,b onwards) as well

as C,4 physiology according to Ellis (1977), Watson and Dallwitz (1992a,b onwards) and Schulze et al. (1996).

SW African Dispersal

g o
2 8 :
g 8 8
=% c <
£ B <
@ c o ©
£ 8§34
> E X g =
3 < 4 Z B
° 2 g S | © | Analysed Locality®
Subfamily Tribus Subtribus Species 0. Preferred habitat and climate s 2 | & | 8 | subspecies C4 physiology  (sampling season)
Aristidoideae Avristideae Aristida L. C, temperate and subtropical X X X x | A. adscensionis* NADP-ME Namibia“ (dry)
A. barbicollis NADP-ME Zimbabwe' (wet)
A. congesta NADP-ME Namibiaz(dw)
A. graciliflora NADP-ME Zimbabwe' (wet)
A. meridionalis NADP-ME Zimbabwe' (wet),
Namibia? (dry)
Stipagrostis Nees C4 desert and semidesert, sometimes dunes X X x | S.ciliate NAD-ME Namibia® (dry)
(S. ciliate, a sandbinder) S. hirtigluma NAD-ME Namibia_z(dry)
S. uniplumis NAD-ME Namibia* (dry)
Chloridoideae ~ Cynodonteae Chloridinae Chloris O. Swartz C4 tropical and warm temperate, diverse habitats, X X X x | C. gayana PCK Zimbabwe' (wet)
mostly in short grassland on poor soils or C. virgata PCK Zimbabwe' (wet),
disturbed ground Namibia? (dry)
Eragrostideae Eleusiminae Eragrostis N.M. Wolf C4 cosmopolitan, subtropical, mostly open habitats, X X X X | E. nindensis NAD-ME Namibia® (dry)
often on poor or sandy soils or disturbed ground E. superba NAD-ME Zimbabwe' (wet)
E. tremula NAD-ME Sudan’ (wet)
E. violacea de winter NAD-ME Zimbabwe' (wet)
E. viscosa NAD-ME Zimbabwe' (wet)
Sporobolinae Sporobolus R.Br. C, tropical and warm temperate, diverse habitats X X X x | S. joclados NAD-ME Zimbabwe' (wet)
including coastal sand dunes S. pyramidalis PCK Zimbabwe' (wet)
Sporobolus sp. (?) Tanzania' (wet)
Pappophoreae Enneapogon Desv. C4 in warm regions, open habitats, bushland and X X X | E. cenchroides NAD-ME Zimbabwe' (wet),
semidesert Namibia_z(dry)
Ex P. Beauv. Enneapogon sp. NAD-ME Namibia_d(dry)
Schmidltia Steud. C4 tropical and dry, open habitats, woods and X X X | S. kalahariensis* PCK Namibia® (dry)

bushland, on dry sandy soils
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patterns of a given subfamily as well as averages of the three C, subtypes (cf. Figs. 2.4,
2.5, and 2.6, and their legends).

2.3.3 Analytical and evaluation methods

The analytical procedures were similar to those previously described by Mangelsdorf et
al. (2000) apart from the details noted below. For lipid analyses grass aliquots of 0.5t0 2 g
were extracted. Two different extraction methods, optimized to ascertain comparability
with respect to efficiency and selectivity, were used. E.-D. Schulze’s and A. Gerecht’s non-
ground grass samples were extracted ultrasonically using a mixture of dichloromethane
and methanol (99/1, v/v; 5 times 60 mL, each 60 s). R.W. Mayes’ ground grass samples
were extracted in an Accelerated Solvent Extractor (ASE) using dichloromethane and
methanol (99/1, v/v; three times 70 bar and 100°C, each 5 min.). Squalane, erucic acid
(7Cy2.1), Sa-androstan-17-one and 5a-androstan-3p3-ol were added to the extracts as
internal standards. The rn-hexane-soluble plant lipids were separated by medium-pressure
liquid chromatography (Radke et al., 1980) into fractions of aliphatic/alicyclic
hydrocarbons, aromatic hydrocarbons and polar heterocomponents (NSO). Carboxylic
acids were separated from the NSO fraction by using a column with potassium hydroxide-

impregnated silica gel.

n-Alkanols were isolated by urea adduction. The lipid fraction was dissolved in 1 mL
r-hexane. To facilitate crystallisation, 3 pg of n-dotetracontane (C4Hgs) were added.
While shaking, 1.0 mL of acetone and 1.5 mL of a saturated methanolic urea solution was
added. Crystallisation of the urea adduct started immediately. During a short heating
period the crystals redissolved and then recrystallised slowly by cooling over night. The
crystals were dried under a stream of nitrogen without heating. The nonadduct fraction
was extracted four times with 8 mL of r+hexane. After each addition of r~hexane, the
sample was dispersed ultrasonically (30 s) and centrifuged (10 min at 3000 min™'). The
solution above the crystals was removed each time using a pipette. The entire adduction
procedure was repeated with the resulting crude nonadduct. Both adduct fractions were
then dissolved in 2 mL water, combined and extracted 5 times with 4 mL mhexane. The
solution was dried with sodium sulphate (1 h) and filtered. The solvent was removed under
reduced pressure. Urea adduction was repeated once with this adduct fraction. r-Alkanols
were converted to their trimethylsilyl ether derivatives before analysis by gas

chromatography (GC).

The wax lipids were analysed by gas chromatography with a flame ionisation detector
(GC-FID), gas chromatography-mass spectrometry (GC-MS), and a GC coupled to a

Finnigan MAT 252 isotope mass spectrometer for compound-specific stable carbon
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isotope ratios (GC-irm-MS). The purity of lipid fractions for isotopic measurements was
checked by GC-MS. GC-irm-MS analyses were run in duplicate or triplicate with standard
deviations better than 0.5%o. Isotopic ratios are expressed as &°C values in per mil
relative to the V-PDB standard. Contents as well as 3°C values of ralkanols are
corrected for the contribution of the trimethylsilyl group from derivatisation. The 3'°C
values are expressed as single weighted mean averages for the odd-carbon-numbered
n-C,7 to n-Cs35 alkanes (613CWMA27_35) as well as for the even-carbon-numbered 7Cy, to
n-Cs, alkanols (613CWMA22_32) in order to encompass the variability of data for individual

homologues.

Plant wax biomarker contents were calculated as pg g™’ dry plant material (DM) based
on signal intensities of biomarkers and internal standards in the GC-FID traces. For an
assessment of systematics in the distribution patterns of biomarkers, contents of individual
homologues were converted into percentage of that biomarker within the homologous
series to allow comparison of samples after averaging. In order to find systematic patterns
of chemical composition, we performed an agglomerate hierarchical cluster analysis by
using the SYSTAT 11 software for Windows and the minimum variance Ward linkage
(squared Euclidean distances; for more details see Kaufmann and Rousseeuw, 1990, as

well as Legendre and Legendre, 1998).

Seven aliphatic/alicyclic fractions of grass lipid samples were contaminated by fossil
fuel refinery products (Tables 2.3a and 2.4 page 59 and 63, respectively), albeit in a small
proportion relative to the main r~alkane homologues. For a correction of the distribution
patterns and 3'°C values we applied the mass balance approach of Huang et al. (2000).
Generally, the odd-carbon-number predominance of wax ralkanes of terrestrial higher
plants is expressed as a high carbon preference index (CPI >5; e.g. Collister et al., 1994),
whereas oil-derived rnalkanes have no significant odd-over-even carbon number
predominance and, thus, a CPI close to 1 (Bray and Evans, 1961). In our slightly
contaminated samples we detected a decrease in CPI values and a shift to lighter 5'°C
values in the range of the n-Cq to 7-C,9 alkanes. The contamination maximised at the
n-C,3 alkane. For correction, we assumed that (a) due to significant variations in CPI of
higher land plants the averaged CPI of our unpolluted grass samples (CPl,, = 15.6)
represents the typical grass wax CPI, (b) the nalkanes of the fossil fuel have a CPI of 1,
and (c) the averaged 3"3C values of the 7-C,y to 7-C,, alkanes in each polluted sample
represent the stable carbon isotopic composition of the fossil fuel n-alkanes. Assuming
that the relative contribution of contamination to the 7C, and nC,., alkanes (n = 25, 27,

29) is equal, we can write:

n

CPlL. = AW'” = An _Ax'n or A = CPIaV >('A‘n+l_'A‘

YA A A o CPI, -1

X,N
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where n and n+1 refer to nC, and nC,., alkanes, A = abundance, w = grass wax
n-alkane, x = contamination. A, and A,.1 are the measured abundances of +C,, and +C,+4
alkanes in grass waxes and Ay, is the abundance of the 7C, alkane in the fossil fuel (after
Huang et al., 2000). Simple subtraction of A, , from A, leads to A, . By using A, and a

bimodal mixture model we corrected the molecular &"*C values in the following way:
5C, xA, =3°C,,, x(A, A, )+8°C, xA,,

where 5"°C, refers to the measured &3C value of the 7C, alkane and &'3C, refers to the

averaged 3"3C values of the 7-Cy to 7~C,4 alkanes in the same sample.

2.4 Results

2.4.1 Contents and carbon number distributions of long-chain n-alkanes of grass
waxes

Lipids in the fractions of the aliphatic/alicyclic hydrocarbons of the organic solvent
extracts of grass samples are dominated by homologous series of rn-alkanes. They have
27 to 35 carbon atoms in the long-chain range. Shorter- and longer-chain r-alkanes were
detected, but they are present in small quantities and, thus, have less chemotaxonomic
significance. The CPl,;.35 values are high and range from 6.7 to 30.2 (Table 2.3a).

The total content of odd-carbon-numbered 7Cy; to 7-Css alkanes (TCOC,;.35) of whole
grass samples varies significantly between 85.5 ug g’ DM and 1,295 pg g' DM. Of the
plant parts studied separately, the flower heads of Brachiaria sp. and Sporobolus sp. have
the highest TCOC,;.35 values (860 and 610 pg g"' DM, respectively), followed by leaves
(226 and 80pugg’' DM), whereas stems have less of these alkanes (76.1 and
34.8 ug g DM; Table 2.3a). The total r+alkane contents of grasses may be affected by
different contributions of flowers, leaves and stems. In the present study, limited to two
species, analysis reveals that flower heads contain markedly higher amounts of the 7-C,;
and n7-Cy alkanes compared to leaves and stems of the same species (Fig. 2.3).
Especially in the Brachiaria sp. sample the distribution pattern maxima differ significantly,
i.e. they shift from 7-Cs; in the leaves and stems to the 7+C,; alkane in the flowers. In
addition, the flowers contain significant amounts of shorter-chain r+alkanes (an additional
16% of the n-Cys and 1% of the n-C,; alkane; cf. Fig. 2.3). The overall chain length
distribution, best expressed by the average chain length parameter in the odd-carbon-

number range 27 to 35 (ACL,;.35; Poynter et al., 1989), is more or less the same in leaves
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Fig. 2.3 Histogram representations of long-chain r+alkane and r+alkanol contents (in pg g”' DM, left
Y-axis), overlain by molecular stable carbon isotope data (0; 3'"°C in %o versus V-PDB, right Y-axis)
of individual homologues in waxes of grass flowers, leaves and stems of one species each of
Brachiaria (Panicoideae, C,;) and Sporobolus (Chloridoideae, C,). The histograms of the
compounds in the flowers are individually normalised to the most abundant homologue, whereas
each leaf and stem pair are normalised together to the most abundant homologue.

and stems. The ACL,;.35 values decrease from around 32.17 for stem and leaf nalkanes
in Bracharia sp. and Sporobolus sp. to 29.91 and 30.96 for flower head r+alkanes (Table
2.3a). Thus, the amount of shorter-chain r-alkane homologues outside the main long-
chain range of the whole plant wax r+alkane distribution can be described by the
flower/leaf alkane ratio.

The nalkane distribution patterns of whole grass plant waxes maximise either at the
n-Cy, n-C31 or n-Cz; alkane (Table 2.3a). The subspecies of Aristida, Stipagrostis and
Sporobolus, as well as the duplicate samples of Aristida meridionalis, Festuca orthophylla
and Panicum maximum exhibit consistent ralkane patterns. The members of other
subspecies have rn-alkane distribution patterns which resemble each other, but are not
constant. Variations on the species level are difficult to evaluate due to inconsistent
flower/leaf ratios and different habitats and sampling seasons of the grasses. However, on
a subfamily level the distribution patterns are more systematic, e.g. the C, species of
Aristidoideae always show a distribution maximum at the 7-C3; alkane. The r-alkanes of
grasses from the other C, subfamilies (Chloridoideae and Panicoideae) have a maximum
either at the 7-C3; or the +C33 homologue. On the other hand, the two different C3 species
of the Pooideae subfamily contain more abundant shorter-chain r+alkanes, and the long-

chain homologues maximise at 7+Cyg or 7-C3; (Table 2.3a).

Averaged rralkane distribution patterns of subfamilies and plants having the same

photosynthetic pathway or physiology are shown in Fig. 2.4; numerical data of
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averaged proxies are compiled in Table 2.2 (page 47). The subfamilies have averaged
ACL,7.35 values, which increase from 30.10 for Pooideae to 30.74 for Aristidoideae, 31.24
for Chloridoideae and 31.27 for Panicoideae (Table 2.2). Generally, the averaged
distribution patterns separate the Pooideae from the subfamilies comprising the C,
grasses. Thus, distributions maximising at slightly shorter-chain r-alkanes are typical of C3
grasses, whereas longer-chain maxima characterise C, grasses (Fig. 2.4d-e). A further
separation was observed between the aristidoid C, species and the remaining C,
containing subfamilies. The chloridoids and panicoids are similar in averaged r+alkane
distribution patterns (Fig. 2.4a-c). Within the three C, subtypes the 7Cs; alkane contents
increase from the NADP-ME to the NAD-ME and PCK subtypes (Fig. 2.4f-h). Accordingly,
the average ACL,;35 values increase from 30.87 (NADP-ME) to 31.09 (NAD-ME) and
31.37 (PCK; Table 2.2).

2.4.2 Molecular carbon isotope signatures of long-chain n-alkanes of grass waxes

The compound-specific 3"°C values of the individual odd-carbon-numbered r-alkanes
(Table 2.4, Figs. 2.3 and 2.4) are consistent with their origins in waxes of C3 and C, higher
land plants. The weighted mean average of 5'°C values ranges from -18.7%o to -25.8%o
and centres at -21.7%o for C, grasses, compared to a range of -30.4%o to -36.4%0 and a
centre at -33.8%o for the few C; grasses examined (Tables 2.4 and 2.2). The wax
n-alkanes of individual plant parts exhibit no significant distinctions in the 3"Cwwaz7-35
values for the two species (Bracharia sp. and Sporobolus sp.) sampled (Table 2.4,
Fig. 2.3).

Three characteristic 3 °Cywmaz7.35 ranges occur within the subfamilies. As expected, the
lightest values belong to the C; pooid grasses. The &">Cywuaz7.35 Values of the C, species
separate the aristidoid grasses from the other C, subfamilies by the former having about
2%o lighter 3'°C values (Table 2.2). The variations of 3" Cywaz7.35 Within the C, subtypes
spread from -21.3%o. for NADP-ME subtype species to -21.7%. for NAD-ME subtypes and
to -22.0%o for PCK-subtypes (Table 2.2). This trend differs slightly from that of bulk 5'°C

Fig. 2.4. (opposite) Averaged histogram representations of long-chain r-alkane and n-alkanol
content (content in % of compound class, left Y-axis) based on data for odd +C,; to 7C35 alkanes
and even 1-C,, to 1-Cs, alkanols (black bars), overlain by molecular stable carbon isotope data (0;
5'C in %o versus V-PDB, right Y-axis) of individual homologues (this study) as well as averaged
histogram representation of published data of odd 7-C,; to n7-C33 alkanes and even n-C,, to n-Cs;
alkanols (grey bars; from Smith and Martin-Smith, 1978; Tulloch, 1981, 1982, 1984; Spencer and
Champman, 1985; Mayes et al., 1986; Dove et al., 1990; Malossini et al., 1990; Dove and Mayes,
1991; Laredo et al., 1991; Dove, 1992; Mayes et al., 1994; Dove et al., 1996; Maffei, 1996; Chen et
al., 1998; Dawson et al., 2000; Delgado et al., 2000; Smith et al., 2001; Boadi et al., 2002; Ali,
2003; Chikaraishi and Naraoka, 2003). Displayed are averages of four grass subfamilies (a-d) and
different types of C, photosynthesis (e-h). Data of duplicate samples are averaged. The diagrams
are individually normalised to the most abundant homologue. n: number of species used for the
averaging of data from this study (m) and from published data (=). 46
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values of grasses of the three C, subtypes determined by Hattersley (1982) and Schulze
et al. (1996). The differences among the 3Cuwmaz7-35 values of the subtypes are within the
standard deviation of molecular 3'°C values of 0.5%o, i.e. significantly smaller than the
standard deviation of 1.3%0 and 2.0%0 of the averaged values (Table 2.2), which suggests
that carbon isotope values cannot be used reliably for chemotaxonomic classification at
this level.

2.4.3 Contents and carbon number distributions of long-chain n-alkanols of grass
waxes

Free wax rralkanols exhibit a pronounced even-over-odd carbon number
predominance of long-chain components, which mainly comprise the n-C,, to n-Cs;
homologues. The ralkanol CPl,,.3, values range from 2.3 to 112.2 and centre at about
22.3 (Table 2.3b, page 61). The total content of even-carbon-numbered r-alkanols
(TCEC,,.32) varies significantly from 10.5 to 777 pg g”' DM, whereas in general the /+Cy, to
n-Cs4 alkanols are less abundant than the 7Cy; to 7-Css alkanes in the same species (cf.
Tables 2.3b and 2.3a). TCEC,,.35; values of individual parts of the two grass species
examined exhibit a trend similar to that found for the r-alkanes and are highest in flower
heads followed by leaves and are lowest in stems (Table 2.3b). The corresponding carbon
number distributions do not reveal relationships with plant classification similar to those
found for the n-alkanes (Fig. 2.3). The ralkanol pattern of Sporobolus sp. flower heads is
dominated by 7Cy and n-Cyg alkanols, whereas in the leaves the n7Cj;, compound
appears as an additional major homologue. The r+alkanol pattern in the stem is similar to
that in flower heads. In flower heads and leaves of Brachiaria sp. the n-C3, homologue is

the principal rn-alkanol, whereas stems are dominated by the 7-C,g alkanol.

In most samples studied, the r-alkanol distribution patterns are not unimodal or in a
bell-shaped curve as found for the r-alkanes. Generally, one or two r-alkanols, mainly
nCy, n-Cyg or n-Csp, dominate (Table 2.3b). The nCjy alkanol is not a prominent
homologue, as it is typically for higher plant waxes (Bianchi, 1995). The Cj, alkanol has
been reported to have hormonal activity as a plant growth regulator (Ries et al., 1977) and,

thus, may be partly retained in the interior of the cell.

The waxes of the few C; grasses included in this study mainly contain 7-Cys and n7-Csg
alkanols (Fig. 2.4d), with either one dominating (Table 2.3b). In contrast to this, in C, grass
waxes (Fig. 2.4e) the n-Cs, alkanol generally appears as the major homologue. The 7Cs;
alkanol is almost totally absent in the C; grasses (cf. Fig. 2.4d,e). This separates the
Pooideae from those subfamilies using C, photosynthesis (cf. Fig. 2.4a-d). The averaged

ACL,3, values increase from Pooideae (26.84) to Aristidoideae (29.43), Chloridoideae
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(29.64) and finally Panicoideae (29.71; Table 2.2). This trend is similar to that found for
n-alkane patterns. The alkanol distribution patterns of the C, subtypes (Fig. 2.4f-h)
generally exhibit the 7C;, compound as the major homologue, whereas the NAD-ME
subtype additionally has a higher content of the shorter-chain 7Cy and n7Cyg alkanols;
this property separates it from the PCK and NADP-ME subtypes (Fig. 2.4f-h).

2.4.4 Molecular carbon isotope signatures of long-chain n-alkanols of grass
waxes

The 3'°C values of the r-alkanols of the C, grasses are in the range of those found for
the ralkanes. The 8" Cymazz.32 values vary from -18.6%o to -25.5%0 and centre at about
-21.4%o. However, the C; grass wax rralkanols are markedly less '*C-depleted than the
associated r-alkanes, and their 3°Cyua values range from -26.1%o to 28.4%o, centring at
about -26.7%0 (Tables 2.4 and 2.2), although the few data points limit the significance of
this remarkable observation. More extensive study of C; grasses is desirable if this
unexpected inconsistency between the r+alkane and r+alkanol 3'°C data is to be resolved.
The nalkanols of individual plant parts of Sporobolus sp. show decreasing 33Cuwmazs.a2
values from the flower head and leaves (about -21.1%o) to the stem (-23.0%0; Table 2.4).
Due to low r+alkanol contents in the plant parts of Brachiaria sp. no reliable 3'°C values
are available. On the subfamilial level the averaged 3Cuwmazn.32 values separate the C,
aristidoids from the other C4 subfamilies by having about 1%o. lighter 3" Cumazz-32 Values.
This offset is consistent with that found for the ralkane 3"*Cywwas7.35 values (Table 2.2).
However, the alkanols of the three C, subtypes exhibit a trend opposite to that of their
rralkanes. The 3" Cywazz-32 Values range from -20.3%o (PCK) to about -21.8%0 (NADP-ME
and NAD-ME) and have no correlation with the ACL,,.3, values (Table 2.2).

2.5 Discussion

The fully developed grass plants we analysed (Table 2.1) grew in the wild in a variety of
habitats and were collected in different seasons. The total contents of the most significant
wax rn-alkanes and rn-alkan-1-ols in these grasses, expressed by their TCOCy,;35 and
TCEC,,.3, values (Table 2.3a and 2.3b), do not reveal any systematics on a species or
subfamily level. Variations of n-alkane contents of grass waxes as a function of different
climatic conditions at the respective sampling sites were also described by Malossini et al.
(1990) and Zhang et al. (2004). In three-fourths of our grass samples we observed lower

TCEC,,.3, values compared to the TCOC,;.35 values of the same plants (cf. Table 2.3a,b).
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It has been reported that the amount of free r+alkanols decreases during maturation of the
plant (Tulloch, 1973; Bianchi et al., 1989; Avato et al., 1990). Normally, they are classified
as major components of plant waxes with yields exceeding 60% (Baker, 1982; Avato et
al., 1987), whereas rralkanes are usually considered subordinate components (3-40%;
Tulloch,1976; Tulloch et al., 1980). Whereas the content of free r+alkanols decreases after
full development of the plant, wax esters rapidly gain in relative importance. Shrivelling
and loss of old leaf blades reduce the n-alkanol content of the total plant wax and
increasing ester contents indicate nhew wax production (Tulloch, 1973). Lower ralkanol
than r-alkane contents may possibly be explained by the degree of senescence of the

plants at the time of collection.

The total wax content of an entire plant depends on the different contributions by the
different parts of the plants. Generally, the ralkane contents decrease from flowers to
leaves and finally to stems (Dove et al., 1996; Smith et al., 2001; Zhang et al., 2004).
These findings are confirmed in this study by the TCOC,;35 and TCEC,,3, values of
individual parts, although this type of analysis was performed for two grasses only,
Brachiaria sp. and Sporobolus sp. The total rn-alkane and r-alkanol contents of flower
heads were about three times larger than in leaves and six times larger than in stems
(Table 2.3a,b). Different wax quantity contributions by different parts of a plant may lead to
significant seasonal variations of the whole-plant wax content. The flower/leaf wax ratio of
a plant is thus an important factor for its characterisation. Loss of flower heads and leaves
during senescence reduces the total wax biomarker contents of a plant (Smith et al.,
2001).

The processes controlling the carbon number distributions of aliphatic wax components
have not been clearly described in the literature. The variations observed in this study
concerning different parts of the grass plant exhibit a tendency to higher contents of
shorter-chain homologues in flowers (Fig. 2.3; cf. Dove et al., 1996; Smith et al., 2001).
Nishimoto (1974a), Smith et al. (2001) and Zhang et al. (2004) found that the dominant
alkane of plant waxes moves to shorter-chain-length homologues as soon as the plant
enters the reproductive phase. Smith et al. (2001) also concluded that the difference in
distribution patterns of wax n-alkanes of the same grass species, sampled during wet and
dry seasons, respectively, may be attributed to the presence or absence of flower heads.
Furthermore, they did not find any significant seasonal changes of individual r-alkane
contents of stem and leaf samples, and there was also no change in the ranking of the
more abundant alkanes. However, Tulloch’s (1973) findings point to an additional
influence on the n-alkane distribution pattern of different leaf parts. He found high contents
of the nCy alkane in grass sheath and flag leaf waxes, whereas the third-last leaf

generation contained high amounts of the n7Cj; alkane. Changes in composition are
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related to the stage of development, particularly to completion of the development of flag
leaf and sheath. A similar effect on n-alkanes was noted by Laredo et al. (1991). However,
the wax biomarker distribution patterns of the same grass species from different habitats
and collecting seasons or within the same subspecies are not generally consistent

(Table 2.3a,b), at least not in this limited survey.

Tulloch and Hoffman (1976) and Tulloch et al. (1980) did not observe changes in
n~alkanol distribution patterns due to the effects described before and also saw no
variations in repeated analyses of a number of perennial species. In contrast to this,
Sauvaire et al. (1987) found evidence for lipid profile changes during the development of a
leaf. We conclude that chemical classification of grass wax lipids based on homologue
distribution patterns of individual subspecies or related species is not suitable to establish

a phylogenetic influence on wax homologue distribution patterns.

Averaging the r-alkane and r-alkanol distributions and carbon isotope patterns on a
subfamilial level (Table 2.2 and Fig. 2.4, black bars) exhibits a clearer systematics and
allows the grasses to be divided chemotaxonomically into two main groups: In the first
group, the C; grasses of the Pooideae subfamily (Fig. 2.4d) have shorter-chain-length
aliphatic compounds, mainly the 7C,s and 7Cj3; alkanes and the 7Cy and 7Cyg
alkanols. They also have lighter 3"Cwwma values. In the second group, the C4 grasses of
the Chloridoideae and Panicoideae subfamilies are generally characterised by their
dominant 7-C3; and 7+Cs; alkanes and the prominent 7-C;, alkanol, as well as heavier
3"Cwwma values (Fig. 2.4 and Table 2.2). In this comparison, the distribution patterns of
Aristidoideae (Fig. 2.4a) are intermediate. In addition, the isotopic 5'°C values of the
aristidoid C, species exhibit, on average, 1%o to 2%o0 lighter values compared to the
remaining C, grass subfamilies (Table 2.2). Possibly, this may be attributed to a specific
property of Aristida having an uncommon triple layer C, anatomy: a mesophyll cell, inner
bundle sheath and outer bundle sheath (Voznesenskaya et al., 2005). Anyway, it appears
from the present analytical study of more than 30 subspecies that the 7C3; alkane and
n-Cs, alkanol are rather characteristic of C, grasses overall (Fig. 2.4e), whereas the 7+Cyqg

alkane and the -Cys and 1-C,g alkanols are prominent in the pooid C; grasses (Fig. 2.4d).

Contents and distribution patterns of ralkanes and r+alkanols in the leaf waxes of
grasses have been reported in a number of studies scattered widely throughout the
literature (Fig. 2.4; legend). Sampling, extraction and analysis procedures varied
considerably but a useful collection of data exists for 257 grass subspecies in the case of
the rn-alkanes; data sets are less numerous for ralkanols (69 subspecies). These
literature data were used to compile the average histograms shown in Fig. 2.4 (grey bars;
numerical data compiled in Table 2.2) where they are displayed in parallel with the limited

but more uniformly generated data from the present study (black bars). Literature data for
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Fig. 2.5. Results of agglomerate hierarchical cluster analysis using averaged subfamilial a)
r~alkane and b) n-alkanol data of contents and stable molecular carbon isotopic compositions of
individual homologues based on analytical data of this study as well as c) ralkane and d)
nalkanol data of contents of individual homologues based on bibliographic data (cf. Fig. 2.4) in
pooid, aristidoid, chloridoid and panicoid waxes. Taxa that contain the C, photosynthetic
mechanism are boldfaced. In Fig. 2.5d the aristidoid data are missing due to lacking bibliographic
data.

compound-specific 3"*C values are extremely sparse and are not presented in Fig. 2.4.
Agreement between the average histograms for the subfamilies examined in the present
study and those of the literature survey is generally good for the Aristidoideae,
Chloridoideae and Panicoideae (Fig. 2.4a-c) which all comprise C, species. Hence, the
use of the average histograms (Fig. 2.4e) for the nalkanes and ralkanols as being
characteristic of the C, grasses appears justified. The situation for the Pooideae, however,
is in a much more preliminary state, since only two grass species were analysed in the
present study. However, the bibliographic data (of 112 subspecies for rn-alkanes and of 24
subspecies for ralkanols; cf. Fig. 2.4d) are sufficient to give confidence in the average

histograms (grey bars) for this C3 grass subfamily.
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Cluster analysis of our data illustrates the chemical affinity of the waxes of the grass
subfamilies. Fig. 2.5a,b displays cluster trees based on the averaged r-alkane and
rn~alkanol distribution patterns and on averaged compound-specific stable carbon isotopic
compositions of the grass species studied. Fig 2.5c,d is based on the averaged r+alkane
and r-alkanol distribution patterns of bibliographic data. The distance length exhibits the
affinity of the nearest cluster. The r-alkane cluster tree (Fig. 2.5a) is similar to the
evolutionary sequence (Fig. 2.2b) and exhibits a separation in the subfamilies comprising
C, plants that is slightly different from that in the nalkanol tree (Fig. 2.5b), which in turn
matches the phylogenetic tree of the subfamilies (Fig. 2.2a). The same is evident for the
bibliographic data (Fig 2.5c,d). Thus, the aristidoids in the r-alkane tree are completely
separated from the panicoids and chloridoids (cf. Fig. 2.5a,c), the other C, subfamilies,
whereas in the n-alkanol tree the chloridoids as well as the aristidoids are connected to
each other in one cluster arm (cf. Fig. 2.5b,d). This confirms the ambivalent position of
aristidoid waxes. Maffei (1996) observed a similar separation of ralkane distribution
patterns between Pooideae and the C,-plant-containing subfamilies based on the 7+Cs;
alkane content. However, his cluster analysis used r-alkane and /so-alkane data and was

limited mainly to pooid (C3) species.

Averaged C, grass subtype distribution patterns of wax components, both in the
literature and in the our study, exhibit an increase in 7-C3; alkane content from the NADP-
ME to the NAD-ME and finally the PCK subtype, but there is no such trend in the averaged
nalkanol data. All subtype members generally contain the 7-Cs;, alkanol as the major
homologue (Fig. 2.4f-h). Nine out of thirteen NAD-ME and five out of eight PCK subtype
grasses belong to the Chloridoideae subfamily, whereas twelve NADP-ME subtype

grasses are almost equally from the Aristidoideae and Panicoideae (Table 2.4).

2.6 C, grass wax adaptation and implications for palaeoenvironmental

studies

2.6.1 Cy4grass wax adaptation to the climatic conditions of the habitat

Mean annual temperatures (about 25°C) and precipitation (2000 mm/a) in the northern
part of our sampling area, the equatorial tropical rainforest, are relatively high, whereas
southwards, the annual temperatures and precipitation decrease to about 19°C and

300 mm/a, respectively, in the grass-dominated Kalahari savanna and finally to 15°C and
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15 mm/a, respectively, in the Walvis Bay area (cf. Fig. 2.1b,c; data from climatograms
published by Walter et al., 1975). The rainforest has a closed canopy and humid overcast
climate, which reduces direct sunlight irradiation of the vegetation and inhibits grass
growth. The absolute maximum temperatures are at about 35°C. In contrast, the sparse
vegetation of the Namib Desert is exposed to much higher absolute maximum
temperatures of 40-50°C (according to van der Merwe, 1983) with the plants growing in
the direct sunlight. Generally, tropical C4 grasses occur in open environments, where
temperature at the leaf surface may rise to extreme maximum temperatures eventually

exceeding even those cited for the Namib Desert.

Kawamura et al. (2003) remarked that higher plants growing in tropical regions
biosynthesise higher-molecular-weight waxes in response to higher ambient temperatures
to maintain the hardness of their leaf surfaces. Leaf waxes occur as carpets of
microcrystallites in the micrometer range, varying greatly in size, shape and cuticular
distribution from species to species (Martin and Juniper, 1970; Juniper and Southwood,
1986). Loss of microstructure due to melting at elevated temperatures is deleterious to the
protective role and transpiration control of leaf waxes. Lipid melting results in increased
permeability (Gibbs, 2002). The melting points of the pure r-alkane homologues are
reported as follows: 7-C,;, 59.2°C; n-Cog, 63.7°C; n-C34, 67.9°C; n-Cs3, 71.2°C and 1-Css,
74.6°C. Those of the ralkanol homologues are: -C,,, 72.5°C; n-Cy4, 77.0°C; n-Co,
80.0°C; n-Cyg, 83.4°C and n-Cs, 88.0°C (Lide, 2004), i.e. with an ACL increase of 2 the
melting point rises by approximately 4°C. Little is known about the actual effect of
increased ACL values on the melting points of leaf waxes. Furthermore, waxes contain a
wide range of aliphatic and other compounds. The mixing ratio of straight-chain, branched,
saturated or unsaturated, as well as cyclic and heterocompounds will affect the melting
point of an epicuticular wax. Chain length has a relatively small effect on the melting point
compared to differences in lipid class (alkenes, methylalkanes etc.; Gibbs, 2002). For
example, Patel et al. (2001) found that a mixture of synthetic wax esters with n-alkanes
melted 3-5°C lower than predicted from the melting points of the individual lipids. Gibbs
(1995) examined two-component mixtures of long-chain cuticular hydrocarbons as a
model for lipid interactions. Pure ralkanes melted abruptly over a 2-3°C range, whereas
mixtures melted over a range of 5-20°C. In addition, for ralkane/n-alkene mixtures the
melting temperatures were higher than the calculated weighted average temperatures by

as much as 17°C.

Gulz (1994) described fundamental differences between leaf wax compositions of
gymnosperms and angiosperms and attributed them to fundamental evolutionary
developments. Dodd and Afzal-Rafii (2000) analysed waxes of plant species of the family

Cupressaceae and proposed that the hydrocarbon composition displays a strong genetic
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influence of adaptation to environmental conditions. As yet, little attention has been given
to the evolutionary pathways which must underlie the current plant phylogeny and the

chemotaxonomic distribution of the lipid biomarkers.

The postulated evolutionary sequence of the major grass subfamilies is shown in
Fig. 2.2b. The original grasses were plants of forest margins or deep shade,
characteristics that are retained today in the bamboos and the basal pooid grasses
(Kellogg, 2001). Members of the subfamily Bambusoideae traditionally have been
speculated to be the most primitive members of the grass family (Soderstrom, 1981). Their
adaptation to forest habitats precluded them from the main evolutionary line of the whole
family. C3 grasses of the subfamily Arundinoideae appear to be the descendants of an
ancestral line closest to the earliest true grasses and members of this subfamily may have
been the first to move to open “savanna ecosystems” from savanna/forest ecotone.
Chloridoideae and Panicoideae have come to dominate the open environments of the
tropical and subtropical zones. They are the descendants of the early arundinoid grasses
which, through the evolution of the C, photosynthetic pathway, gained a competitive edge
over their C; grass ancestors (Fig. 2.2b; Renvoize and Clayton, 1992). The close
relationship of the chloridoid and panicoid grasses, along with other C, species, suggests
the possibility of underlying physiological similarities (Kellogg, 2001).

The results of our cluster analysis of the distribution patterns of aliphatic wax
components (Fig. 2.5a-d), combined with the known grass subfamilial phylogeny and
preferred habitat of subfamilies or C, subtypes (e.g. Fig. 2.2b) suggest that plant wax
compositions reflect adaptation to the climate of the habitat. This adaptation may have
developed as a secondary effect during the evolutionary succession of the grasses,
especially of C4 grasses during their adaptation to low concentrations of atmospheric CO,.
The carbon number distributions of the r~alkanes of the panicoids and chloridoids and the
NAD-ME and PCK C,-subtype species may have evolved to give the increased content of
the n-Cs3; alkane and the -Cj, alkanol with their higher melting points. Presumably, C,4
grasses acquired an advantage over C; plants in hot and arid regions by having higher-
melting-point waxes as a result of increased content of longer-chain wax components. An

evolutionary adaptive role of plant waxes seems certain but requires further investigation.

2.6.2 Leafwaxn-alkane and n-alkanol homologues as palaeoclimatic proxies

The potential for chemical adaptation of C; and C,4 plants to habitat occupancy has
implications for the use of wax compositions in fossil records as biomarker proxies. Thus,
palaeoenvironmental studies use chain-length distributions and stable carbon isotopic
measurements of aliphatic biomarkers to deduce the C; and C, plant contribution to
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Fig. 2.6. Averaged histogram representation for C, grasses of r+alkane and r+alkanol homologue
contents (in % of compound class, left Y-axis) of leaf waxes, based on combined bibliographic
data and data of this study, for odd 7C,; to 7-C35 alkanes as well as even n7-C,;, to n-Cj; alkanols
(black bars), overlain by molecular stable carbon isotope data of this study (0; 3'C in %o versus
V-PDB, right Y-axis; cf. Fig. 2.4). The diagrams are individually normalised to the most abundant
homologue. ACL: Mean average chain length of odd-carbon-numbered r-alkanes (7-C,7 to n-Css;
ACL,;.35) as well as even-carbon-numbered r-alkanols (7Coy, to 7-Csy; ACL,s.3,) including the
standard deviation (in brackets). 3"°Cyma: Mean weighted mean average of carbon isotopic values
of odd-carbon-numbered 7Cy; to 7Css alkanes (613CWMA27_35) as well as of even-carbon-
numbered 17-Cy, to n7-Cs, alkanols (613CWMA22_32) including the standard deviation (in brackets).
ne: number of species used for the averaging of content data. ns: number of species used for the
averaging of isotopic data.

sediments from continental vegetation. The averaged C, grass wax signatures (Fig. 2.6),
based on the bibliographic data in Fig. 2.4 as well as on data of this study, may be
representative of the world’s tropical grasslands and savannas, and as the most important
group of plants they may dominate the fossil signatures related to the proportions of C;
and C, vegetation. Chikaraishi and Naraoka (2003) analysed wax r+alkanes of higher land
plants which were collected in Japan and Thailand. Histograms and molecular isotopic
data of nalkanes as well as averaged numerical data are shown in Fig. 2.7a-d. The C;
and C, grasses mainly contain the n7Cj; alkane, whereas the C, grasses have also a
higher relative content of the 7-Cs; alkane (cf. Fig. 2.7c,d). The angiosperm trees (Cs,
Fig. 2.7a), which represent the second-most important group in the C; versus C,
competition in tropical vegetation, contain mainly the 7C,9 alkane. This supports the
findings in palaeoenvironmental studies, which deduce the C; and C, plant contribution to
sediments from continental vegetation by using chain-length distributions of aliphatic
biomarkers and isotopic measurements. For example, Eglinton et al. (2002), Scheful? et
al. (2003b) and Rommerskirchen et al. (2003, Chapter 3) found high relative amounts of
the n-Cy9 and -C3; alkanes combined with lighter 3"3C values in those marine sediments
on the West African continental margin off the Congo river which received terrestrial
organic matter from the predominantly Cj; tropical rainforest in the hinterland. On the other

hand, their samples from marine settings near the adjacent African savannas and deserts
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Fig. 2.7. Averaged histogram representation for a) C; angiosperm and b) C; gymnosperm trees as
well as ¢) C3; and d) C4 grasses of contents of 7-Cys to /+C3 alkanes in leaf waxes (in % of
compound class, left Y-axis; black bars), overlain by averaged molecular stable carbon isotope
data (O; 3"C in %o versus V-PDB, right Y-axis). n-Alkane isotopic values based on data of
Chikaraishi and Naraoka (2003). The diagrams are individually normalised to the most abundant
homologue. ACL: Mean average chain length of odd-carbon-number r-alkanes (/7-C,; to 7-Cgs;
ACL,7.35) including the standard deviation (in brackets). 3" Cyma: Mean weighted mean average of
carbon isotopic values of odd-carbon-numbered 7+C,; to n-C35 alkanes (613CWMA27_35) including the
standard deviation (in brackets). n: number of species used for the averaging of content data as
well as of isotopic data.

mainly exhibited the 7-C3; and 77-C3; alkane homologues, which were isotopically enriched
in 13C relative to the n-C,9 alkane. The molecular isotope signatures determined in these
sediment studies are not as uniform within the homologous series as found for the C, and
C; grasses in this study (Figs. 2.4 and 2.6). This underlines, as expected, the occurrence

of complex mixtures of C3; and C,4 plant wax components in geological samples.

As a result of the present study, we propose, as a working paradigm, that the carbon
number histograms of the C, grasses (Fig. 2.6) have the 7C3; and +C;; alkanes and the
n-Cs, alkanol as dominant homologues with each carrying a 3'°C value of approximately
-22%0. We thus have an experimentally derived proxy for the C, tropical and subtropical
grasslands of the continents as registered in aquatic sediments. While the expansions and
contractions of these grassland zones can serve as indirect measures of continental
climate change, the actual assessment and modelling of such phenomena can now — in
addition to mineral composition, pollen and plant fossil records and estimates of pCO,,
temperature and precipitation — be based upon lipid biomarker distributions and

compound-specific stable carbon isotope data.
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2.7 Conclusions

In this paper we have attempted to establish a reliable biomarker proxy for tropical and
subtropical grasslands, based on molecular characteristics of C, grasses which are
predominant in these biomes. The analytical data are for the long chain n-alkanes and
rn~alkanols in the epicuticular waxes extracted from more than thirty grass species native
to the African grasslands. These lipid distributions have allowed a chemotaxonomic
survey which has been extended by a detailed assessment of the respective literature
data. The combined findings may be summarized as follows:

= C, grasses display considerable variation in the content and distribution of their lipids at
the subspecies and species level. At this level the data reveal little in the way of useful

chemotaxonomic systematics.

= The C, grasses do display characteristic lipid distributions at the subfamily level. The
dominant ralkanes are 7-C3; and n7-C3;3 homologues and the dominant r-alkanol is the
n-Csz, compound. The ACL values are higher than those of the C; grasses and also
those reported for many C; plants of the temperate zones. The carbon number
distribution patterns found in this study are broadly substantiated by the data recorded
in the literature for more than 200 species of C3; and C, grasses.

= The dominant 7C3; and 7-Cs; alkanes and n-Cs;, alkanol in the C, grasses are also

each characterised by consistently heavy &'*C values of circa. -22%o.

= The higher ACL values shown by the C, grasses may reflect evolutionary adaptation to
high-temperature arid habitats. If so, the explanation may be a need for retention of
crystallinity and hence micromorphology of leaf surface waxes at high temperatures, as
in plants exposed to high-intensity insolation in deserts and other exposed and sparsely
vegetated areas.

= |n terms of palaeoenvironmental studies, the distributions and isotopic characteristics of
the n-alkanes and r-alkanols constitute useful biomarker proxies for the C4-dominated
tropical and subtropical grasslands. These proxies may afford estimates of the areal
extent of these biomes and hence the palaeoclimatic conditions.
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Table 2.3. a) +Alkane data of grass subspecies studied: Subfamily, subspecies, sampling location, individual 7-alkane content in ug g~ dry matter (DM),
TCOC,7.35, CPly7.35 and ACL,7.35 values. Boldface content values of individual ~alkanes refer to distribution pattern maxima.

xipuaddy 8¢

n-Alkane content® (ug g”' DM)
Subfamily/ Sampling
subspecies locaton | 26 27 28 29 30 31 32 33 34 35 36 TCOCy.as’  CPly.3s° ACLy.zs”
Aristidoideae
Aristida adscensionis'* Namibia 74 178 86 633 169 4111 124 804 26 53 n.d. 577.9 141 30.97
Aristida barbicollis Zimbabwe | 0.6 13.0 2.1 303 44 1122 45 494 15 69 nd. 211.8 16.2 31.07
Aristida congesta Namibia 31 194 39 505 78 2255 6.2 628 23 6.8 n.d. 365.0 171 30.93
Aristida graciliflora Zimbabwe | 06 46 15 451 78 2306 56 442 06 34 n.d 327.8 20.9 30.98
Aristida meridionalis Zimbabwe | 1.2 172 31 274 34 449 20 124 04 1.0 nd. 103.0 10.6 30.08
Aristida meridionalis Namibia 37 269 44 317 40 623 28 214 05 13 nd 143.6 11.3 30.14
* Stipagrostis ciliatd' Namibia 20 43 09 81 13 693 12 252 01 1.0 nd. 107.9 30.2 31.19
O | Stjpagrostis hirtigluma' Namibia 14.1 87.2 299 156.1 32.8 593.9 235 1623 59 113 nd.| 1010.8 10.5 30.71
g' Stipagrostis uniplumis Namibia 47 187 35 414 47 1008 26 165 05 15 n.d. 178.8 14.9 30.63
& |Chloridoideae
‘g Chloris gayana Zimbabwe | 1.5 206 4.2 353 6.3 1883 104 287.6 89 634 n.d. 595.2 18.5 32.14
o | Chloris virgata Zimbabwe | 20 178 35 275 36 422 28 519 33 221 n.d. 161.5 10.7 31.41
@ | Chloris virgatd Namibia 32 138 32 151 31 264 22 162 23 140 0.9 85.5 6.7 31.03
2 | Enneapogon sp. Namibia 3.1 305 53 69.8 11.0 3524 13.7 4079 79 798 14 940.4 23.7 31.93
= Enneapogon cenchroides Zimbabwe | 0.7 94 22 304 50 2154 6.9 200.1 32 212 06 476.6 26.7 31.81
Enneapogon cenchroides” Namibia 43 149 29 219 37 1036 23 327 10 31 nd 176.2 16.8 30.85
Eragrostis nindensis Namibia 37 121 27 149 21 337 23 293 12 52 nd 95.2 10.2 31.01
Eragrostis superba Zimbabwe | 2.8 60.2 6.1 447 34 421 31 547 24 145 0.2 216.2 11.8 30.25
Eragrostis tremula Sudan 22 171 35 418 74 1784 56 782 16 8.0 n.d. 323.3 17.1 31.11
Eragrostis violacea de winter Zimbabwe | 1.5 255 4.7 317 73 1040 48 768 19 84 04 246.5 12.3 31.09
Eragrostis viscosa Zimbabwe | 7.1 79.5 115 149.1 128 1394 75 777 23 71 03 452.7 12.0 30.05
Schmidtia kalahariensis' Namibia 14 61.6 186 356 13.6 2256 19.8 805.6 16.2 166.9 1.3 1295.3 17.0 32.51
Sporobolus foclados Zimbabwe | 21 280 34 413 59 1165 65 119.6 34 168 1.0 322.2 15.5 30.90
Sporobolus pyramidalis Zimbabwe 2.8 66.6 9.0 958 11.1 1852 10.2 2224 6.0 411 1.3 611.1 154 31.25

6S
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cont. Table 2.3. a) n-Alkane data of grass subspecies studied.

n-Alkane content® (ug g~ DM)

Subfamily/ Sampling

subspecies location 26 27 28 29 30 31 32 33 34 35 36 TCOCz7_35b C|:,|27_35c ACL27_35d

Panicoideae

Bothriochloa insculpta Zimbabwe | 1.9 20.7 38 245 35 395 17 185 05 24 nd. 105.6 9.8 30.19

Brachiaria erucitormis Zimbabwe | 1.1 3.9 14 8.1 1.8 341 31 642 10 29 nd. 113.1 15.1 31.96
o | Digitaria milanjiana Zimbabwe | 0.8 184 39 442 63 1026 6.3 1139 44 36.1 0.9 315.1 13.8 31.67
%_ Hyparrhenia filipendula ~ Zimbabwe | 2.7 37.7 55 436 6.6 183.1 13.3 2656 8.1 594 nd. 589.4 16.2 31.90
ch Loudetia simplex Zimbabwe | 0.8 86 1.7 232 28 761 24 413 14 99 nd 159.0 18.1 31.26
» | Panicum sp. Namibia 53 397 65 682 9.7 1451 112 236.1 104 117.2 0.8 606.2 13.9 32.06
E Panicum arbusculunt™ Namibia 53 121 52 20.7 6.8 146.3 154 3570 139 957 1.0 631.8 14.0 32.59
& | Panicum maximum Zimbabwe | 21 362 43 511 52 819 28 245 06 24 nd. 196.0 13.7 30.04
% Panicum maximum Namibia 32 151 35 405 53 844 41 344 09 24 03 176.8 12.0 30.64
£ | Themeda triandra Zimbabwe | 1.8 352 29 252 39 692 32 336 12 48 nd. 168.1 13.2 30.38
= Pooideae

Bromus sp. Australia 1.1 146 21 499 36 953 25 633 09 145 n.d. 237.6 24.6 31.11

Festuca orthophylla Peru 16 291 46 894 19 147 nd. 38 nd 14 nd 138.5 18.9 28.96

Festuca orthophylla Peru 16 216 48 886 30 283 nd 43 nd nd nd 142.9 16.9 29.21
o | Chloridoideae
o | Sporobolus sp. (flowers)  Tanzania 57 927 97 981 88 1760 78 2163 43 274 06 610.4 17.9 30.96
ch Sporobolus sp. (leaves)  Tanzania 1.1 44 16 82 21 237 18 329 11 106 05 79.6 11.0 31.93
g Sporobolus sp. (stems) Tanzania 07 14 06 25 05 85 06 158 05 6.7 0.3 34.8 13.4 32.37
g | Panicoideae
= | Brachiaria sp. (flowers) Tanzania | 14.7 238.7 16.3 226.5 10.1 2029 8.2 147.7 7.2 439 0.0 859.8 17.2 29.91
g Brachiaria sp. (leaves) Tanzania 15 125 18 173 26 591 42 101.8 3.1 352 09 226.0 17.4 32.15

Brachiaria sp. (stems) Tanzania 05 21 05 64 09 232 14 319 11 125 04 76.1 17.5 32.21

n.d. : not determined

*. After Huang et al. (2000) corrected r-alkane contents (see text for details)
*: Sample without inflorescence part

@ Numbers according to individual -alkane carbon numbers

TCOC27.35: Total content of odd- carbon-numbered 7-Cy7 to 7-Css alkanes in pg/g DM

°CPly7.35: Carbon preference index of r-alkanes (carbon number 27 - 35)

ACL27.35: Averaged chain length of odd-carbon-numbered r+alkanes (carbon number 27 - 35)
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Table 2.3. b) n-Alkanol data of grass subspecies studied: Subfamily, subspecies, sampling location, individual r+alkanol content in pg g’ dry matter (DM);
TCEC2,.35, CPlx.35, and ACLyo 35 values. Boldface content values of individual n-alkanols refer to distribution pattern maxima.

n-Alkanol content® (ug g”' DM)

Subfamily/ Sampling
subspecies location 21 22 23 24 25 26 27 28 29 30 31 32 33 TCEsz_32b CP|22_32c ACL22_32d
Aristidoideae
Aristida adscensionis* Namibia 02 11 03 08 04 11 04 31 03 19 09 128 0.2 20.8 5.9 30.07
Aristida barbicollis Zimbabwe nd. 163 27 93 3.1 237 nd. 124 28 7.7 64 2579 76 327.4 12.7 30.64
Aristida congesta Namibia 02 21 03 06 06 33 08 254 04 44 09 453 05 81.1 19.9 30.08
Aristida gracilifiora Zimbabwe 03 49 03 18 nd. 10.1 3.7 1198 56 49 20 88 n.d. 150.4 12.5 27.92
Aristida meridionalis Zimbabwe 08 116 08 22 21 6.2 13 387 4.7 416 159 676.3 6.6 776.6 17.5 31.47
Aristida meridionalis Namibia nd. 13 01 03 02 10 02 27 04 02 16 293 03 34.8 7.9 31.06
» | Stipagrostis ciliata Namibia nd. 06 nd. 21 13 1393 13 186 13 04 nd. 43 05 165.2 414 26.35
Q | Stipagrostis hirtigluma Namibia nd. 66 nd. 21 04 186 05 125 14 51 29 399 0.1 84.8 11.9 29.00
g' Stipagrostis uniplumis Namibia 01 08 0.1 04 01 35 01 52 03 20 03 33 04 15.2 15.6 28.24
& | Chloridoideae
‘cc; Chloris gayana Zimbabwe nd. 33 09 27 12 44 16 159 42 36 27 219 27 51.8 3.8 29.07
o | Chloris virgata Zimbabwe nd. 86 25 90 12 158 6.7 86.7 93 128 4.1 820 6.8 215.0 71 29.09
@ | Chloris virgata Namibia nd. 21 01 04 01 12 09 33 07 38 14 959 03 106.6 18.1 31.52
2 Enneapogon sp. Namibia 07 39 04 34 02 153 07 60 09 18 0.6 385 0.9 68.8 171 29.31
= Enneapogon cenchroides Zimbabwe 08 202 11 65 09 168 3.0 141 88 11.1 nd. 1745 n.d. 243.2 10.6 30.22
Enneapogon cenchroides Namibia 01 10 02 04 03 31 11 627 05 05 05 254 nd. 93.0 31.4 28.95
Eragrostis nindensis Namibia 01 13 nd. 04 nd. 15 01 57 01 40 08 313 01 44 .3 26.4 30.72
Eragrostis superba Zimbabwe 02 37 04 30 nd. 50 nd. 146.0 158 46 nd. 20.0 n.d. 182.4 10.5 28.24
Eragrostis tremula Sudan nd. 27 10 16 nd. 20 04 14 nd. 3.0 nd. 463 nd. 56.9 23.2 30.89
Eragrostis violacea de winter Zimbabwe nd. 19 03 09 03 24 03 26 13 13 13 99 16 19.0 3.7 29.18
Eragrostis viscosa Zimbabwe 03 38 04 32 nd. 173 8.1 209.0 114 96 34 154 n.d. 258.4 10.6 28.04
Schmidltia kalahariensis* Namibia nd. 32 01 19 02 62 03 49 nd. 05 nd. 874 06 104.1 93.8 30.99
Sporobolus ioclados Zimbabwe nd. 47 09 19 12 43 19 77 38 56 32 448 16 69.0 4.0 30.12
Sporobolus pyramidalis Zimbabwe nd. 1.5 03 24 0.7 91 09 55 nd. 11 19 138 0.7 334 6.8 28.62
2
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cont. Table 2.3. b) n-Alkanol data of grass subspecies studied.

n-Alkanol content® (ug g”' DM)

Subfamily/

subspecies Sampling location 21 22 23 24 25 26 27 28 29 30 31 32 33 TCECy.3" CPlys’ ACLy.s”

Panicoideae

Bothriochloa insculpta  Zimbabwe nd. 3.7 nd. 19 nd. 24 nd. 57 nd. nd nd 4127 nd. 426.3 n.d. 31.79

Brachiaria erucitormis ~ Zimbabwe nd. 106 1.1 33 07 83 12 45 11 26 24 924 25 121.7 30.5 30.31
@ Digitaria milanjiana Zimbabwe nd. 26 28 24 29 26 20 32 55 28 29 125 26 26.1 10.3 28.15
o | Hyparrhenia filipendula Zimbabwe nd. 30 09 24 15 28 21 158 44 6.8 nd. 381 2.1 69.0 5.4 29.92
g Loudetia simplex Zimbabwe nd. 09 03 08 03 16 07 23 14 13 09 37 1.1 10.5 2.3 28.57
@ | Panicum sp. Namibia 05 23 06 21 13 125 18 210 33 78 15 446 0.3 90.4 7.9 29.63
S | Panicum arbusculum®  Namibia 01 09 02 25 13 101.0 28 38.7 nd. 54 0.7 66.8 n.d. 2154 36.3 28.28
& | Panicum maximum Zimbabwe 32 34 45 54 33 144 44 93 111 187 47 nd. nd. 51.2 15.3 28.52
% Panicum maximum Namibia 01 19 nd. 06 nd. 59 nd 341 nd 191 14 2015 n.d. 263.1 112.2 31.11
< | Themeda triandra Zimbabwe 03 1.7 04 14 02 09 nd. 1.7 nd 17 nd 284 n.d. 35.8 31.6 30.79
= Pooideae

Bromus sp. Australia 09 72 nd. 19 nd. 79 28 4300 19 112 nd. 7.1 nd. 465.3 99.2 27.97

Festuca orthophylla Peru nd. 20.1 3.6 49.6 204 232.0 nd. 133 54 183 115 249 3.1 358.2 8.5 25.83

Festuca orthophylla Peru nd. 10.3 25 29.8 19.3 2240 2.7 10.8 nd. 88 nd. 5.9 .d. 280.6 8.9 25.60
@ Chloridoideae
& | Sporobolus sp. (flowers) Tanzania 04 30 09 66 14 504 19 252 46 37 00 72 00 96.2 10.4 26.87
g Sporobolus sp. (leaves) Tanzania 00 06 02 06 03 58 02 57 04 12 15 83 06 22.2 6.9 28.83
g Sporobolus sp. (stems) Tanzania 00 08 05 03 05 44 03 49 03 09 08 14 04 12.7 4.7 27.4
g | Panicoideae
« | Brachiaria sp. (flowers) Tanzania 00 08 10 14 25 10 00 07 00 29 00 101 11 17.0 3.3 29.98
&U Brachiaria sp. (leaves)  Tanzania 00 19 03 14 02 16 03 15 05 22 07 98 07 18.4 6.4 29.27

Brachiaria sp. (stems)  Tanzania 06 06 05 04 03 20 03 24 02 06 09 19 06 7.7 2.8 27.97

29

n.d. : not determined

* Sample without inflorescence part

@ Numbers according to individual r-alkanol carbon numbers

®TCEC2,.32: Total content of even-carbon-numbered 7-Ca; to 7-Caz alkanols in Hg/g DM
CPl27.33: Carbon preference index of r-alkanes (carbon number 22 - 32)

ACL22-32: Averaged chain length of even-carbon-numbered r-alkanols (carbon number 22 - 32)
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Table 2.4. Isotopic data for grass subspecies studied: Subfamily, subspecies, photosynthetic pathway, physiology (according to Ellis, 1977; Watson and

Dallwitz, 1992a,b onwards; Schulze et al.,

1996), sampling location, and molecular stable isotopic composition of alkanes and r-alkanols.

5'°C of n-alkanes® (%o vs. V-PDB)

b

5'3C of n-alkanols® (%o vs. V-PDB)

b

2 § §
£z g 2
Subfamily/ gz Sampling [$) [$)
subspecies £ 8 Physiology location 27 29 31 33 35 | w 22 24 26 28 30 32 | w
Aristidoideae
Aristida adscensionis” C, NADP-ME Namibia -29.0 -249 -253 -23.8 nd. |-252 nd. nd. nd. -244 nd. -241 -241
Aristida barbicollis Cs NADP-ME Zimbabwe -20.0 -214 -239 -221 -21.2|-228 nd. nd. nd. nd. nd nd | nd
Aristida congesta C, NADP-ME Namibia -20.4 -229 -243 -24.0 -242|-239 nd. nd. -24.7 -22.3 n.d. -18.0-19.7
Aristida graciliflora Cs NADP-ME Zimbabwe -25.6 -239 -241 -239 nd. |[-241 nd. nd. nd. nd. nd nd | nd
Aristida meridionalis Cs NADP-ME Zimbabwe 214 -224 -228 -224 nd. |-224 |/ nd. nd. nd. nd. nd -195-195
Aristida meridionalis C, NADP-ME Namibia -20.8 -214 -219 -22.7 nd. |-21.7 / nd. nd. -243 -24.7 nd. -22.2 -224
S‘t/pagrosz‘/sa//az‘a# Cs NAD-ME Namibia -24.7 -21.7 -19.8 -20.7 nd. |-204 nd. nd. -25.1 -25.3 nd. nd. -25.1
» S‘t/pagrost/sh/ﬂ/g/uma# C, NAD-ME Namibia -253 -25.0 -23.2 -240 nd. |-239 nd. nd. -16.7 -19.1 n.d. -20.2 -19.1
%_ Stipagrostis uniplumis Cs NAD-ME Namibia -23.2 -245 -259 -240 nd. |-25.1|/nd. nd. -23.1 -25.7 nd. -27.8 -255
£ | Chloridoideae
& | Chloris gayana C, PCK Zimbabwe -23.0 -225 -234 -249 -240|/-241 nd. nd. nd. nd nd nd | nd
& | Chloris virgata Cs PCK Zimbabwe -20.3 -19.6 -20.2 -21.1 -21.9 -20.6 nd. nd. nd. -234 nd. -19.8 -21.6
3 Chloris wrgaz‘a# Cq4 PCK Namibia -242 -206 -21.7 -211 -209 -21.7|nd. nd. nd. nd. nd. -20.2|-20.2
S | Enneapogon sp. Cs NAD-ME Namibia -22.3 -23.0 -22.7 -225 -23.2|-22.7 nd. -21.8 -245 -23.7 n.d. -21.5/-22.5
§ Enneapogon cenchroides Cs; NAD-ME Zimbabwe -19.5 -194 -209 -22.7 -23.7|-216 nd. nd. nd. nd. nd -19.7/-19.7
Enneapogoncenchm/des‘# C, NAD-ME Namibia -19.5 -18.3 -20.1 -20.1 nd. [-19.8 nd. nd. nd. -20.3 nd. -20.6 -20.4
Eragrostis nindensis Cs NAD-ME Namibia 244 -2277 246 -240 nd. |[-240 nd. nd. nd. -252 nd. -20.6 -21.3
Eragrostis superba Cs; NAD-ME Zimbabwe -20.4 -20.8 -21.8 -22.7 -23.0|/-21.5 nd. nd. nd. -21.8 nd. nd. -21.8
Eragrostis tremula C, NAD-ME Sudan -24.0 -25.1 -25.9 -26.3 -264 -258|nd. nd. nd. nd. nd -21.5|-215
Eragrostis violacea de winter C, NAD-ME Zimbabwe -18.0 -18.1 -19.6 -19.2 -19.3/-19.1 \nd. nd. nd. nd. nd. nd. | nd.
Eragrostis viscosa Cs NAD-ME Zimbabwe -20.0 -19.6 -21.8 -224 -21.8|-208 nd. nd. nd. -20.1 nd. nd. -20.1
Schmidtia kalahariensis” Cy PCK Namibia -21.8 -22.0 -229 -205 -21.3|/-21.2/nd. nd. nd. nd. nd -21.6 -21.6
Sporobolus ioclados Cs NAD-ME Zimbabwe -19.9 -21.8 -224 -220 -21.8/-196 | nd. nd. nd. nd. nd. -20.6 -20.6
Sporobolus pyramidalis Cs PCK Zimbabwe -21.2 -22.0 -221 -22.7 -23.8|-223 nd. nd. -21.2 nd. nd. -204-20.7
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cont. Table 2.4. Isotopic data for grass subspecies studied.

3"°C of n-alkanols® (%o vs. V-PDB) 3"°C of n-alkanols® (%o vs. V-PDB)
e 8 3
£ § g
£3 2 :
Subfamily/ gz Sampling §) O
subspecies £ 8 Physiology location 27 29 3 33 35 o 22 24 26 28 30 32 | w
Panicoideae
Bothriochloa insculpta  C4 NADP-ME Zimbabwe -18.0 -19.2 -18.7 -186 n.d. |-18.7 nd. nd. nd. nd. nd. nd. | nd.
Brachiaria erucitormis  Cy PCK Zimbabwe -219 -204 -209 -20.3 nd. -206 |/nd. nd. nd. nd. nd -18.6|-18.6
o | Digitaria milanjiana Cs NADP-ME Zimbabwe -20.5 -189 -19.5 -19.7 -204/-19.7 nd. nd. nd. nd. nd nd | nd
%_ Hyparrhenia filipendula C4 NADP-ME Zimbabwe -215 -219 -219 -22.8 -23.0/-224 nd. nd. nd. -254 nd. -22.7|-23.5
g Loudetia simplex Cs NADP-ME Zimbabwe -19.8 -18.6 -18.2 -20.0 -22.0/-19.1 \nd. nd. nd. nd. nd. nd. | nd.
o | Panicum sp. Cy ? Namibia -22.2 -226 -23.0 -22.7 -22.3|-22.7 |nd. -23.9 -244 -226 n.d. -20.0 -21.5
‘g Panicum arbusculumi’  C4 NAD-ME Namibia -241 -22.0 -240 -214 -216/-22.2|nd. nd. -22.8 -24.8 nd. -21.8-22.8
& | Panicum maximum Cy PCK Zimbabwe -20.0 -20.8 -19.4 -23.3 nd. |-204 nd. nd. nd. nd. nd nd | nd.
% Panicum maximum Cy PCK Namibia 247 242 -245 -248 nd. |-245/nd. nd. nd. -21.3 nd. -19.0(-19.3
£ | Themeda triandra Cs NADP-ME Zimbabwe -18.7 -21.3 -19.6 -20.0 -20.5/-19.8 nd. nd. nd. nd. nd. nd. | nd.
= Pooideae
Bromus sp. Cs Australia -36.0 -35.7 -36.0 -37.5 -389/-36.4 / nd. nd. nd. -26.2 nd. n.d. |-26.2
Festuca orthophylla Cs Peru -30.2 -30.3 -31.3 -31.2 nd. -304 nd. -29.8 -25.2 nd. nd. nd. [-26.1
Festuca orthophylla Cs Peru -31.0 -31.2 -322 -33.1 nd. |-314 nd. nd. -284 nd. nd. nd. |-284
2 Chloridoideae
o | Sporobolus sp. (flowers) C, ? Tanzania -19.9 -19.6 -20.5 -204 -21.8/-20.3 nd. nd. -20.8 -21.2 nd. nd. [-20.9
ch Sporobolus sp. (leaves) C, ? Tanzania nd. nd. -20.6 -20.0 -20.9 -20.3 nd. nd. -209 -20.5 nd. -22.2|-21.3
g Sporobolus sp. (stems) C, ? Tanzania nd. -20.0 -19.6 -189 -20.0 -194 nd. nd. -240 -22.0 nd. nd. |-23.0
g | Panicoideae
= | Brachiaria sp. (flowers) Cy4 PCK Tanzania -19.1 -19.0 -18.8 -18.6 -214/-19.0 nd. nd. nd. nd. nd. nd | nd.
g Brachiaria sp. (leaves) Cy PCK Tanzania -19.6 -19.2 -19.7 -199 -198 -198 nd. nd. nd. nd. nd. nd. | nd.
Brachiaria sp. (stems) C, PCK Tanzania -225 -20.7 -20.2 -20.0 -21.3/-204 /nd. nd. nd. nd. nd. nd | nd.

n.d. : not determined

* n-Alkane stable carbon isotopic values corrected after Huang et al. (2000) (see text for details)

35'3C: Molecular stable carbon isotopic composition of -alkanes and r-alkanols (numbers according to individual carbon numbers)

®5'3Cwmaz7-35: Weighted mean average of molecular stable carbon isotopic composition of odd-carbon-numbered r-alkanes (carbon number 27 - 35) [%o versus V-PDB];
5" Cwmazz-32: Weighted mean average of measured molecular stable carbon isotopic composition of even-carbon-numbered r-alkanols (carbon number 22 to 32) [%o
versus V-PDB] (note that mean average values for given sample were only calculated of the alkane and alkanol homologues for which carbon isotopic ratios were
available).
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3 - HOLOCENE TRANSECT OF THE SOUTHEAST ATLANTIC MARGIN

3 A North to South transect of Holocene
southeast Atlantic continental margin
sediments: relationship between aerosol
transport and compound-specific 3'3C land
plant biomarker and pollen records

Florian Rommerskirchen, Geoffrey Eglinton, Lydie Dupont, Ute Giintner,
Claudia Wenzel, Jiirgen Rullkétter

This chapter was published: Rommerskirchen, F., Eglinton, G., Dupont, L., Giintner, U.,
Wenzel, C., Rullkétter, J., 2003. A north to south transect of Holocene southeast Atlantic
continental margin sediments: Relationship between aerosol transport and compound-
specific 3"°C plant biomarker and pollen records. Geochemistry, Geophysics,
Geosystems 4 (12), 1101, doi:10.1029/2003GC000541.

3.1 Abstract

We examined near-surface, late Holocene deep-sea sediments at nine sites on a
North-South transect from the Congo Fan (4°S) to the Cape Basin (30°S) along the
Southwest African continental margin. Contents, distribution patterns and molecular stable
carbon isotope signatures of long-chain n-alkanes (n7-C,; to n-Cs3) and n-alkanols (n7-C,; to
n-Cs,) are indicators of land plant vegetation of different biosynthetic types, which can be
correlated with concentrations and distributions of pollen taxa in the same sediments.
Calculated clusters of wind trajectories and satellite Aerosol Index imagery afford
information on the source areas for the lipids and pollen on land and their transport
pathways to the ocean sites. This multidisciplinary approach on an almost continental
scale provides clear evidence of latitudinal differences in lipid and pollen composition
paralleling the major phytogeographic zonations on the adjacent continent. Dust and
smoke aerosols are mainly derived from the western and central South African hinterland
dominated by deserts, semi-deserts and savanna regions rich in C, and CAM plants. The
northern sites (Congo Fan area and northern Angola Basin), which get most of their
terrestrial material from the Congo Basin and the Angolan highlands, may also receive
some material from the Chad region. Very little aerosol from the African continent is
transported to the most southerly sites in the Cape Basin. As can be expected from the
present position of the phytogeographic zones, the carbon isotopic signatures of the
n-alkanes and r-alkanols both become isotopically more enriched in *C from North to

South. The results of the study suggest that this combination of pollen data and
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compound-specific isotope geochemical proxies can be effectively applied in the
reconstruction of past continental phytogeographic developments.

3.2 Introduction

In the global organic carbon cycle the ocean is an important sink for terrigenous organic
matter transported off shore by rivers and winds. Through this mechanism, marine
sediments preserve a record of geographic and secular changes of continental climate
and vegetation. Land-plant-derived organic particles may consist of microscopically
recognisable spores, pollen and various kinds of plant fragments (e.g., Taylor et al., 1998).
Land plants signatures are also displayed by specific biomarkers, such as long-chain
n-alkanes and n-alkanols, and in bulk and molecular carbon isotopic signatures (e.g.,
Eglinton and Hamilton, 1967; Rieley et al., 1993).

Recent studies examined aeolian dusts, surface sediments and cores from continental
margins for allochthonous terrigenous organic matter, using a combination of aliphatic
biomarkers, carbon isotopic compositions and pollen distributions (e.g., Huang et al.,
2000; Zhao et al., 2000, 2003; Eglinton et al., 2002; Scheful’ et al., 2003a,b, 2004). The
results comprise qualitative information concerning the phytogeography, soil conditions
and the erosion and transport processes from land to ocean. The hinterland areas may be
extensive, but the data provide an informative, integrated signal of the vegetation over a

large, but broadly definable continental region.

This multiproxy study assesses the transport of terrestrial material from Southern Africa
into the late Holocene Southeastern Atlantic Ocean. The study brings together biomarker
abundances, 3"°C values and pollen concentrations in ca. 1 cm near-surface sediment
layers from nine sites over a 3000 km N-S transect (4°S to 30°S; Fig. 3.1), using material
from Ocean Drilling Project (ODP) and RV Meteor cruise cores (Table 3.1). It relates these
data to the present-day wind systems and to model transport path calculations, satellite
aerosol maps and the continental phytogeography in terms of C;, C4 and CAM plants
(cf. Fig. 3.2 and 3.3). We particularly address the question of how the approximately
known geographic distribution of C; and C,4 plants on the continent is reflected in the
marine sediments. We are testing out this recently introduced approach (Huang et al.,
2000) to the characterisation of epicontinental sedimentation of organic matter in order to
lay a basis for the extension of this technique to longer geological records in the Late
Pleistocene.
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Fig. 3.1. Partial map of Africa showing site locations, major oceanic basins and currents in the
Southeast Atlantic Ocean as well as political boundaries. The main three rivers in Southern Africa
are the Congo (draining tropical rain forest, drainage area 3.7 x 10° km?, total suspension load 40 x
10° t yr, particulate organic carbon load 2.8 x 10°%t yr'1, main clay mineral is kaolinite), the Cunene
(draining semi-arid, semi-humid regions of Central to Southern Africa, drainage area 0.12 x 10°
km?, total suspension load about 15 x 10°% t, low organic matter load, clay minerals rich in smectite)
and the Orange (savannah river, but also drains desert and sub-desert with high proPortion of Cy4
and CAM plants; drainage basin 1.0 x 10° km?, organic carbon load 0.01 x 10° t yr, minor clay
mineral load of mainly illite). ABF = Angola-Benguela Front, AC = Angola Current, BCC = Benguela

Coastal Current, BOC = Benguela Ocean Current, SECC = South Equatorial Countercurrent;
Congo Plume after van Bennekom and Berger (1984).
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Table 3.1. Cores studied. Locations, lithology, sedimentation rates and age models.

Lati- Longi- Water Distance Distance to Sedimen-
tude tude depth toshore major river Lithology tation rate
Core Location (°S) (°E) (m) (km) mouth (km) (clay province®) (cm ka'1) Age model
ODP 1075A Congo Fan 4°47  10°04° 2995 150 (C?)?]go) diatomaceous clay (kaolinite) 9 \é)vf;f,i:f;?;“(ggg){)
Northern onr! 010’ 310 diatomaceous foraminiferal Schneider et al. (1995,
GeoB 1008-3 Angola Basin 6°35" 10°19" 3124 270 (Congo) mud (kaolinite) / 1996)
Southern og@s ofq? 630 foraminiferal hemipelagic mud Schneider et al. (1995,
GeoB 1016-3  pngola Basin |1 46" 11°417 3411170 ¢ inene) (smectite) 5 1996)
Southern oE o1Qy’ 580 foraminiferal and nannofossil
ODP 1079A Angola Basin 11°56" 13°19° 738 60 (Cunene) silty clay (smectite) 43 Wefer et al. (1998)
Southern oA 0443 380 . . - Schneider et al. (1995,
GeoB 1028-5 Angola Basin 20°06" 9°11 2209 320 (Cunene) hemipelagic mud (illite) 6 1996)
1000 nannofossil- and foraminifer- Wefer et al. (1998)
ODP 1082A Walvis Ridge 21°05° 11°49° 1279 150 (Orange) rich clay (illite) 10 B. Donner (pers.
9 y commun., 2002)
GeoB 1710-3  Walvis Basin  23°26' 11°42 2987 270 (Or737noge) hemipelagic mud (illite) 4 Kirst et al. (1999)
Northern oaq? of1° 480 foraminifer- and diatom- B. Donner (pers.
ODP 1084A Cape Basin 25730 13°01" 1992 175 (Orange) bearing clay 22 commun., 2002)
GeoB 17221  CapeBasin  29°27 11°45° 3973 380 (Ofaf’noge) hemipelagic mud (illite) 2 I(')Eq';ﬁ” (gggg')

Clay mineral provinces according to Petschick et al. (1996)
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With the exception of the two northernmost sites, located in front of the Congo River,
coring occurred at distances from the coast where aeolian (not riverine) contributions
would be the dominant terrigenous sources. The length of the N-S transect, paralleled by
a wide phytogeographic diversity on the continent, is an excellent test range for this type
of multiproxy assessment. As with all proxies, pollen counts are biased records due to the
differential effects of seasonal flowering, varying winds, amounts of pollen produced,
transportability, different stabilities of pollen varieties, and ambiguities in the recognition of
pollen species. However, wax components also have their problems, such as
compositional variation with species in terms of compound and carbon isotope
distributions and factors such as ease of abrasion, adsorption to soil particles and

transport with dust.

3.3 Materials and methods

331 Sediment cores

Material for analysis was selected from five gravity cores collected during Meteor
cruises M 6/6 (GeoB 1008, 1016 and 1028; February 1988) and M 20/2 (GeoB 1710 and
1722; January 1992; Wefer et al., 1988; Schulz et al., 1992) and four drill cores from ODP
Leg 175 (ODP 1075, 1079, 1082 and 1084; Wefer et al., 1998) (Table 3.1). From each
core, 5 to 10 mL sediment was taken representing the late Holocene. Stratigraphy and age
models for Meteor cores are after Schneider et al. (1995, 1996), Shi et al. (1998) and Kirst
et al. (1999), for ODP Site 1075 after Dupont et al. (2001), for ODP Site 1079 after Pérez

Fig. 3.2. (opposite) Simplified phytogeographical units of today in Southwest Africa (colour codes
according to C, plant occurrence) and generalised wind directions of a) the austral summer
(December, January, February) and b) the austral winter season (June, July, August). The broken
arrow indicates mid-tropospheric wind from Central Africa, solid arrows indicate lower tropospheric
winds. For more details see Dupont and Wyputta (2003). D = main dust storm source areas
according to Prospero et al. (2002). D, = Makgadikgadi Pans (Kalahari [Botswana], centred near
21°S to 26°E, year-long dust activity at a low level, increasing strongly in June-July and maximising
in August to October; main pans consist of shallow pools, sandy alkaline clays and islands of grass
with other large areas of salt flats to the East; vegetation is mainly C,4-plant-dominant edaphic
grassland, whereas to the Northwest of the Okavango Swamp the vegetation has C; and C, plants,
both between 40 and 60%), D, = Etosha Pan (Namibia, centred at 16°E and 18°S, large salt pan
associated with ephemeral lakes and swamps to its West; seasonal dust generation timing is said
to follow that of the Makgadikgadi Depression across the Kalahari to the Southeast; dominant
vegetation is C, grassland), D; = Namib desert. C, plants are abundant in Southern Africa,
although their occurrence is patchy and difficult to generalise in terms of proportions relative to C;
plant abundance. A tentative classification in four different areas is made (see legend in the figure).
More than 50% C, plant coverage is probably only found in the Namib desert, around salt pans, in
swamps without canopy and in the Highveld Grassland, but Southern Africa is nevertheless an
important source of C4 plant material transported to the Southeast Atlantic Ocean.
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and Berger (2000), for ODP Site 1082 after Bickert (pers. commun., 2000) and for ODP
Site 1084 after Donner (pers. commun., 2002). For information on the oceanography of
the Southeast Atlantic and the sedimentology and geochemistry of the sediments see
Wefer et al. (1998, 2002).

A complete set of analytical data of this study will be made available through the
PANGAEA database (http://www.pangaea.de).

332 Mass accumulation rates

Organic carbon and biomarker mass accumulation rates (MAR, mgcm?kyr', total
organic carbon, or pug cm?kyr”, biomarkers) were calculated to eliminate any dilution
effects by using the equation MAR =X [p O0S,, (van Andel et al., 1975; Lyle, 1988),
where X = total organic carbon content (mg g sed™') or content of a specific biomarker or
group of biomarkers (ug g sed”), p=dry bulk density (g cm™; Wefer et al., 1998) and

Sa = average sedimentation rate (cm kyr'; Table 3.1).

3.3.3 Methods for lipid and pollen analysis

The analytical procedures were described by Mangelsdorf et al. (2000) apart from the
details noted below. Briefly, organic carbon was calculated as the difference between total
carbon and carbonate carbon contents determined by combustion of freeze-dried and

ground sediment (at least two measurements each).

For lipid analysis, sample aliquots of 2-15 g were extracted. Squalane, erucic acid
(mCo2:1), 5a-androstan-17-one and 5a-androstan-33-ol were added to the extracts as
internal standards. The n-hexane-soluble fraction was separated by medium-pressure
liquid chromatography (Radke et al, 1980) into fractions of aliphatic/alicyclic
hydrocarbons, aromatic hydrocarbons and polar heterocomponents (NSO). Carboxylic
acids were separated from the NSO fraction using a column with KOH-impregnated silica.

n-Alkanols were isolated by urea adduction.

The compounds of interest were analysed by gas chromatography (GC) and gas
chromatography-mass spectrometry (GC-MS). Bulk carbon isotopic measurements of total
organic matter were done using a Carlo Erba CHNS 1108 analyser attached to a Finnigan
MAT 252 isotope mass spectrometer. The compound-specific carbon isotope analysis
(GC-irm-MS) of individual fractions was carried out with a GC coupled to the Finnigan

MAT 252 isotope mass spectrometer via a GCC-Il combustion interface. GC conditions
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Fig. 3.3. Satellite imagery of aerosol (dust and smoke) distributions above the African continent
and the Southeast Atlantic Ocean. a) Earth Probe TOMS aerosol images of monthly averages for
representative months of each of the four seasons in the year 2000. Data are for the austral spring
(October), summer (January), fall (April) and winter (July; ftp://toms.gsfc.nasa.gov/pub/eptoms/
images/monthly_averages/aerosol/eam000x.gif with x=10, 1, 4 and 7, respectively). The January
aerosol cloud from Central Africa (including the Chad region) marginally affects the Congo fan
sites. b) Radiatively Equivalent Aerosol Optical Thickness (EAOT x 1000), also expressed as
Aerosol Optical Depth (AOD) over oceans, derived from NOAA AVHRR satellites for the four
seasons. The figure incorporates data for the period July 1989 to June 1991. The gridded data and
the images can be viewed and down-loaded from the website http://capita.wustl.edu/
CAPITA/CapitaReports/TropoAerosolRevised/AVHRR961.htm (from Husar et al.,, 1997). The
smoke and dust plume which moves out over the Atlantic Ocean is at its most marked in the austral
winter season but weakens and moves south somewhat in the austral spring. The NW to SE
elongation of the axis of the lobe in the austral spring is suggestive of some of the dust being
transported from the Namib desert and the arid savannah of the Kalahari. However, these regions
are not reported to be good sources of fine dust, and their vegetation is too sparse for the
occurrence of major biomass burning.

were the same as for GC analysis with the exception that a high-temperature column was
used (J&W DB-5HT, 30 m length, 0.25 mm i.d., 0.1 um film thickness). Calibration was
performed by injecting several pulses of CO, of known 3'°C value at the beginning and the
end of each GC run and by using squalane (r-alkanes) and ~hexadecane (r-alkanols) as
internal standards. Isotopic ratios are expressed as 8'°C values in per mil relative to the
V-PDB standard. &°C values of alkanols are corrected for the contribution of the

trimethylsilyl group from derivatisation.
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Procedures and palynological methods for the analysis of pollen and spores are
described in Dupont and Wyputta (2003). Data here are given for total pollen, fern spores,
sum of pollen from C; plants (mainly woody plants), and the pollen taxa Restionaceae
(cape reeds), Asteraceae (composites), Poaceae (grasses), Cyperaceae (sedges, rushes,

papyrus, etc.) and Tribulus.

3.3.4 Satellite aerosol imaging

NASA’s Nimbus-7 and Earth Probe Total Ozone Mapping Spectrometer (TOMS) data
have provided daily global images of the distribution of an Aerosol Index (Al) for a number
of years. These can be displayed as monthly averages (http://toms.gsfc.nasa.gov/
index.html; cf. Fig. 2.3a). The Al registers mineral dust, volcanic ash and smoke
distributions in the atmosphere over both continental and oceanic regions (Hsu et al.,
1996; Herman et al., 1997; Chiapello et al., 1999). The TOMS detects UV-absorbing
aerosols using spectral contrast between 340/380 nm and 331/360 nm. Boundary layer
absorbing aerosols are not readily detected with this technique, nor the difference
between soil dust and smoke (Husar et al., 1997). Thus, the appearance of areas of
enhanced Al in the satellite imagery corresponds to the deflation of dust and/or burning of
biomass on the ground beneath (cf. Justice et al., 1996; Swap et al., 1996a,b), followed by
the formation of dust or smoke clouds in the middle troposphere. Lateral transport and
fallout from these aerosol clouds mostly account for their dispersal over the days following

their appearance.

Independent assessments of global aerosol distributions are also available in the form
of equivalent aerosol optical thickness (EAOT) data from the National Oceanic and
Atmospheric Administration’s (NOAA) Advanced Very High Resolution Radiometer
(AVHRR), which is on a polar orbiting satellite (cf. Fig. 2.3b). The remote sensing
algorithm is based on measurements of back-scattered solar radiation at 0.63 pm (Husar
etal., 1997).

3.4 Results and discussion

3.4.1 Simplified phytogeographical units of southwest Africa

The vegetation of Africa south of the equator ranges from lowland rainforest to desert

and to Afroalpine vegetation as represented in Fig. 3.2 in a simplified way. Based on the
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maps of White (1983) and Cowling et al. (1997), and the satellite images of the Africa
Land Cover Characteristics Database (Sellers et al., 1996; Loveland et al., 1999;
http://edcdaac.usgs.gov/glcc/af_int.html), we have made a broad brush assessment of the
distribution of C;, C4, and CAM plants over this area using lists of C4 plants of Dowton
(1975), Raghavendra and Das (1978), Elmore and Paul (1983), and Smith and Winter
(1996).

In swamp forest and lowland rain forest, C, plants, notably among the grass species,
form a small minority, usually along river banks and in coastal areas. The C, plant
proportion is high in swamp regions without a closed canopy (e.g., papyrus). The largest
biome in southern Africa is the savanna consisting of trees, shrubs and grasses, whereby
the woody species are C; and the grass species mostly C,4 plants. The relative amounts of
grasses and woody species, however, vary considerably. Thus, the importance of C4
plants increases with the decrease of woody species abundance. The desert regions are
dominated by C,4 plants (grasses and weeds), but CAM plants are also abundant. Along
the west and south coast of South Africa, the winter rain areas are rich in CAM plants but

poor in C4 plants. C,4 plants are almost absent in the Fynbos of the Cape.

In terms of pollen distribution along the transect, Dupont and Wyputta (2003) concluded
that a good latitudinal correspondence exists between the distribution patterns in the

marine sediments and the occurrence of the source plants on the continent (Table 3.2).

3.4.2 Carbon number distributions and molecular carbon isotope signatures of
long-chain n-alkanes

Fig. 3.4 shows the distribution patterns of the long-chain ralkanes (/+Cy to 7-Cg4) in
the extractable lipids of late Holocene sediments from the nine sites. The diagrams are
individually normalised to the most abundant homologue for each site. The y axes show
the mass accumulation rates (MAR) of the rralkanes; numerical data are compiled in
Table 3.3. The Angola Basin ODP Site 1079 exhibits the highest MAR values
(29 pg cm? kyr", sum of 7-C,; to 7-Cs3 odd-carbon-number homologues). This site is close
to the coast (60 km off shore) and has the shallowest water depth (738 m). Nevertheless,
it is distant from the Congo river mouth (Table 3.1). The sediments from the other three
ODRP sites, which are all in shallower water and closer to the coast than the adjacent GeoB
sites, have MAR values for the odd-carbon-number r-alkanes lower by a factor of about
three to eight. With the exception of Site GeoB 1008, which is close to ODP Site 1075 on
the other side of the Congo deep-sea canyon, all other GeoB sites exhibit low ralkane

accumulation rates in the order of 0.2 to 2 pg cm? kyr™".
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Table 3.2. Proposed source areas of pollen, dust and smoke aerosol reaching Southeast Atlantic Ocean sites (and their relative strength; cf. Fig. 3.2). The
estimates of the strengths are very tentative and make some allowance for the distance travelled from the coast, with fluxes expected to be less the further from
land. The transport is assumed to be aeolian, unless specified as fluvial. The dust and smoke estimates are based on satellite imagery where values of Al below
0.7 are considered minor (Earth TOMS, monthly averages per year - 2000; ftp://toms.gsfc.nasa.gov/pub/eptoms/images/monthly_averages/aerosol/eam000x.gif
with x=10, 1, 4 and 7, respectively; cf. Fig. 3.3).

Sites (approx. latitude) Pollen abundance Dust strength Smoke aerosol strength
ODP 1075 (5°S) Abundant Moderate Strong

Congo Fan
GeoB 1008 (7°S)
North Angola Basin

GeoB 1016 (12°S)
Angola Basin

ODP 1079 (12°S)
Angola Basin

GeoB 1028 (20°S)
South Angola Basin

ODP 1082 (21°S)
Walvis Ridge

GeoB 1710 (23°S)
Walvis Basin

ODP 1084 (25°S)
North Cape Basin

GeoB 1722 (29°S)
Cape Basin

Fluvial from Congo rainforest and

swamp forest

Forest and woodland

(Southern Congo and Angola)
Moderate to abundant

Woodland and savanna (Angola)

North Namib desert

Weak to abundant
Kalahari savanna
Namib desert

Weak
Kalahari savanna
Namib desert and succulent Karoo,
Nama-Karoo semi-desert
Abundant
As for 1710 and Cape Fynbos

Rare
Namib desert
Succulent Karoo
Cape Fynbos

Alluvial plains of Chad Basin and Sahel, to North

of equator
North fringe of plume from Central and
Southwest sources (see below)

Very strong
Plume from Southeast moving Northwest from

Central Kalahari savanna (Botswana) - the

Makgadikgadi pans

Southwestern Etosha pan (Namibia) and Namib

desert

Strong

Southwestern edge of above plume

Moderate

Southern extreme of plume
Kalahari savanna
Namib desert

Weak

Namib desert
Succulent desert

Very weak

Dry forest to North and South

of Congo tropical forest

Woodland and savanna

(Angola and Botswana)
Strong

Woodland and savanna

(Angola and Botswana)

Strong
Kalahari savanna (Botswana,

Kalahari)
Northern Nama-Karoo semi-
desert (Namibia and South
Africa)

Moderate
As for GeoB 1028 and ODP
1082

NIDYVIN DILNVILY LSVIHLNOS FHL 40 1D3ISNVYL INIDOTOH - €



3 - HOLOCENE TRANSECT OF THE SOUTHEAST ATLANTIC MARGIN

ODP
1075A
4°47'S
2995 m

GeoB
1008-3
6°35'S
3214 m

GeoB
1016-3
11°46'S
3411 m

ODP
1079A
11°56'S

738 m

GeoB
1028-5
20°06'S
2209 m

ODP
1082A
21°05'S
1279 m

GeoB
1710-3
23°26'S
2987 m

ODP
1084A
25°30'S
1992 m

GeoB
1722-1
29°27'S
3973 m
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The carbon number maximum of the alkanes moves from 7+C,g at the northernmost
sites to 7+C3; at ODP Site 1079 and further south. In addition, the overall chain length
distribution, best expressed by the Average Chain Length (ACL) parameter (Poynter,
1989), first increases southwards to ODP Site 1084 and then decreases slightly further
south (ACLy7.33; Fig. 3.5). The ACL,7.33 values for the odd-carbon-number 7-C,; to 7+Ca;
homologues thus increase down the transect from 29.92 to 30.83 before decreasing again
to 30.45 (Table 3.3, Fig. 3.4 and 3.5). A similar latitudinal trend in ACL values of ralkanes
was not observed by Scheful’ et al. (2003b) in the dust samples they collected along the
west coast of Africa, despite a shift in the carbon number maximum from +Cyg to 7-Cy4
from low to higher latitudes. This shift is also pronounced in our data set and illustrated by
the n-Cz¢/(m-Cxo+mCjq) ratio (Fig. 3.5) which increases from 0.45 to 0.7 in the N-S
transect. The triangular plots in Fig. 3.6 clearly show that the N-S distinction among the
alkane homologues is brought about only by the 7-C,9 and 7-C3; compounds, whereas the
n-C,7 and r-C33 homologues do not contribute (nor does the 7-C3zs homologue; not shown).
Along the n-Cy to n-Csz; axis in the diagrams, the latitudinal succession from the
northernmost to the southernmost sites is nearly perfect. The offset between the group of
the four northernmost sites and the southern localities corresponds to the latitudinal gap in
sampling sites between ODP 1079 and ODP 1082 (e.g., Fig. 3.5).

The long-chain r-alkanes of all the samples in this study exhibit significantly high odd-
over-even carbon number preferences (CPly;.33; CPly7.33 ranging from 3.5 to 5.4; Table
3.3, Fig. 3.4 and 3.5). This is typical for sedimentary hydrocarbons derived from higher
plant waxes. On the other hand, it is evident from many studies of organic matter in
ancient sediments that enormous quantities of thermally mature hydrocarbons were
generated in the past and then liberated into the environment. Two submarine seeps on

the Southwest African continental margin were documented by Hovland and Judd (1988,

Fig. 3.4. (opposite) N-S transect of histogram representations of long-chain ralkane and r-alkanol
accumulation rates (MAR: pg cm? kyr'1), overlain by molecular stable carbon isotope data (6130 in
%o versus V-PDB) for individual homologues, as well as pollen and spores accumulation rates
(counts cm? kyr'1; note very low abundance at Site GeoB 1722) and percentages in deep sea
sediments from nine sampling locations in the Southeast Atlantic Ocean (cf. Fig. 3.1). Gaps in the
data coverage of molecular isotope values are due to too low concentrations for reliable anaI%/sis or
evaluation of raw data. Abbreviations and explanations: Left and middle: Y;: MAR (ug cm’ ka'1);
Yo: 53C (%o vs. V-PDB); 61sCWMA: Weighted mean average of carbon isotope values of odd-carbon-
numbered n-Cy; to n-Cs; alkanes and even-carbon-numbered n-Cy, to n-Cs; alkanols (%o versus
V-PDB), respectively; ACL: Average chain length (Poynter, 1989; n-alkanes: odd-carbon-number
nCy; to n-Cs3 alkanes; r-alkanols: even-carbon-number n-C,, to n-Cs, alkanols); CPIl: Carbon
preference index (Bray and Evans, 1962; rnalkanes: n-C,; to n-Cs; alkanes; n-alkanols: n-C,, to
n-Cs;, alkanols); HPA: Higher plant ralkanol index (Poynter and Eglinton, 1991). Right: Y, (bars):
Accumulation rate (counts/(cm” ka')); Y: % (pollen + spores); A: pollen; B: fern spores; C: C,
species (mainly woody plants); D: Cape reeds (Cs); H: composites (C3 and CAM); BOX: E: grasses
(predominantly C,); F: Cyperaceae (C; and C,); G: Tribulus (Cy).
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Table 3.3. Biomarker data.

© o

CPly.3,°

3 3
§ 5
(@] o
<

ACL27.33°

Depth Age MAR® MAR® MAR® MAR®
Core (cm) (ka) HPA® C,, CaCO; ALK' -OH®
ODP 1075A 55 50 2996 26.59 3.5 39 075 64 11 35 134
GeoB 1008-3 13 2.0 29.92 26.91 4.8 6.0 067 44 17 53 13.2
GeoB 1016-3 4 1.0 30.06 27.76 3.9 52 044 19 183 1.9 1.8
ODP 1079A 77 3.0 30.28 28.04 4.9 53 075 800 2830 29 9538
GeoB 1028-5 20 4.0 3055 27.69 4.5 40 062 21 350 05 1.0
ODP 1082A 37 3.8 30.68 27.55 4.3 43 072 170 3600 44 129
GeoB 1710-3 3 1.0 30.54 27.68 4.1 72 060 39 1780 09 15
ODP 1084A 55 25 30.83 26.40 54 75 069 400 9150 9.0 245
GeoB 1722-1 8 6.8 30.45 28.02 4.0 47 049 11 1250 0.2 0.3

a) ACL27.33: ACL of r~alkanes (carbon numbers 27 to 33); ACL2.32: ACL of r-alkanols (carbon numbers
22 to 32)

) Carbon preference index of r-alkanes

) Carbon preference index of n-alkanols

) HPA: Higher plant r-alkanol index (Poynter, 1989; Poynter and Eglinton, 1991)

e) MAR: mass accumulation rate (Corg, CaCOsz: mg cm? kyr'; biomarkers: ug cm? kyr)

f) Sum of n-Cu7, nCag, n-C31 and n-Cs3 alkanes

g) Sum of n-Ca2, n-C24, n-Cae, N-Cas, N-C3p and n-C32 alkanols

b
c
d

p. 275) at approximately 1°S,7°E and 13°S,12°E. There are probably many others active
at the present time, and even more were active in the past (A. G. Judd, pers. commun.,
2002).

Some of these mature hydrocarbons may be responsible for the unusual r-alkane
distributions in the Southwest African continental margin sediments investigated by
Hinrichs et al. (1999). However, mass spectral analysis for sterane and hopane
biomarkers provided no evidence that mature fossil hydrocarbons were of any noticeable

significance in the samples used in our study.

The compound-specific 3"*C values for the individual n-alkanes (Table 3.4, Fig. 3.4) are
consistent with an origin of these components from higher land plants and generally follow
very similar trends for each carbon number, particularly for the abundant 7Cy9 and n7-Cj3,
homologues (Fig. 3.5). The 3'°C values covary (Fig. 3.7c), a behaviour that was observed
in @ number of environmental studies (e.g., Huang et al., 2000; Hu et al., 2002; Zhao et al.,
2000, 2003). Values for the three carbon number species (Cy7, n-Csy, nCs3), when
plotted against the 7C,9 homologue (Fig. 3.7c), simultaneously become less negative in
the transect from North to South down to the position of ODP Site 1082, whereas there is
a decrease to more negative values further south. This behaviour of the ralkane
homologues is ascribed to the effect of their biosynthetic origins (C3;, C4 and CAM plants)

as leaf wax components of the continental vegetation. The 7C,5 homologue is commonly
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Fig. 3.5. N-S transects along the SW African continental margin of HPA, CPIl, ACL data and
individual n-alkane ratios, 8"°C values (total organic carbon and individual r+alkanes), and C4 plant
percentages (estimated from alkane and alkanol carbon isotope and pollen data). Colour coding of
phytogeographic zones as in Fig. 3.2. Abbreviations and explanations: HPA: Higher plant n-alkanol
index; CPI: Carbon preference index (CPly7.33: r~alkanes; CPl,,.3,: rn-alkanols); ACL: Average chain
length (ACL,;.335: n-alkanes; ACL,,.3,: nalkanols); n-Csq/(n-Cy9t+n-Csq): normalised content of the
n-Cs¢ alkane; 613C0rg: (%o versus V-PDB); calc. %C, (61SCWMA27_33 and 613CWMA22_32): Estimate of
percent C, plant contribution based on 61SCWMA27_33 and 613CWMA22_32 values, respectively, key
analytical data and a binary mixture model of C3 and C,4 plants; %C, (pollen): Sum of C, species
(grasses, predominantly Cy4, and 7ribulus, C,).
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Fig. 3.6. Triangular diagram representations of percentages of three odd-carbon-numbered
nalkanes each. Sample codes: 1 - ODP 1075A; 2 - GeoB 1008-3; 3 - GeoB 1016-3; 4 - ODP
1079A; 5 - GeoB 1028-5; 6 - ODP 1082A; 7 - GeoB 1710-3; 8 - ODP 1084A; 9 - GeoB 1722-1.

the alkane most enriched in ?C, and in the present study the isotope values lie in the
range -27.1%o to -35.3%o0 (Table 3.4).

There is a trend of less negative carbon isotope values for the ralkanes with
increasing chain length, expressed as ACL,7.33, over the N-S transect (Fig. 3.7a). This
might be related to wax components from grasses which are particularly abundant
according to the pollen data at ODP Sites 1079 and 1082 (Fig. 3.4, Table 3.5). The 3"C
values are expressed as single weighted mean averages for the odd-numbered n7C,; to
n-Cs; alkanes in order to encompass the variability of data for individual homologues
(3" Cwwmaz7-33; Fig. 3.4), but the 3"C values of the individual 7-C,s and 7-Cs; homologues
exhibit the same trend (Fig. 3.5). There is some indication of a positive displacement of
ACL,7.33 values with increasing water depth (or distance to the coast) of the sampling sites
(Fig. 3.7a).

3.4.3 Carbon number distributions and molecular carbon isotope signatures of
long-chain n-alkanols

The distribution patterns of the long-chain alkanols (7C,; to 7Cs3), normalised to the
most abundant homologue, are shown for the samples from the nine sites in Fig. 3.4. The
MAR data (Table 3.3) show a trend very similar to that of MAR for the ralkanes
(Table 3.3), with some relative differences from site to site, reflected in the HPA index
values (Fig. 3.5), which vary in the range 0.44-0.75 (Table 3.3 and Fig. 3.4). There is no
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N-S trend, but HPA index values appear to be somewhat lower for those sites furthest
from the coast and in deep water (GeoB Sites 1016, 1028, 1710, 1722). Selective
degradation of the ralkanols versus the n-alkanes was invoked to explain low HPA index
values elsewhere (e.g., Poynter et al., 1989; Westerhausen et al., 1993; Cacho et al.,
2001).

The distributions of homologues in the ralkanol fraction (ACLx,.3,; Table 3.3, Fig. 3.4 and
3.5) do not show a simple N-S trend, unlike the r-alkanes. This different behaviour was
likewise observed by Huang et al. (2000) in the mapping survey off Northwest Africa
andalso discussed by Eglinton et al. (2002). The distributions from 7C,, to n-Cs, centre
approximately around n-Cy. They are not simply unimodal. The patterns give the
appearance of being comprised of different assemblages of ralkanol envelopes,
corresponding to contributions from different groups of organisms. A lower-carbon-number
distribution (approximately n-C,, to n-C,5) may be contributed by marine biota, such as
copepods or algae (Mudge and Norris, 1997; Yunker et al., 1995). Overlapping with this

assemblage are the long-chain wax alkanols from higher land plants.

The ACL,,.3, values range from 26.40 to 28.04 (Table 3.3). In contrast, the ralkanols in
the Northwest African sediments ranged in ACL from 26.9 to 28.8, mainly 27.5, the most
prominent carbon number representatives being the n-C,s and n-C3, homologues (Huang
et al., 2000). The Gulf of Guinea sediments in that study contained n-alkanols with ACL
values that centred around 27.5, different from the results at the nearest sites in our study
(ODP 1075, GeoB 1008), where the ACL,,3, values of 26.6 and 26.9, respectively,

indicate shorter average chain lengths (Table 3.3).

As with other studies involving long-chain alkanols, these compounds exhibit a marked
carbon number dominance, even over odd (CPly,32; CPlys= 3.9 to 7.5; Table 3.3,
Figs. 3.4 and 3.5). Thus, the carbon number distributions reported by Conte and Weber
(2002a,b) were somewhat similar to those found in this transect study, the 7-Cys, 7-Cog Or
n-C3, homologue being the dominant alkanol. The carbon number weighted isotopic
values for the r-alkanols in their study were -29.7+0.9%o, values which they interpreted as
being mainly due to an origin from C; plants. Specifically, Conte and Weber (2002b)
interpreted the isotopic signal of leaf waxes in the Bermuda aerosols in terms of seasonal
changes in source strengths of ecosystems at different latitudes within the North American
biosphere. Their conclusions are based on the proposition that the waxes in the aerosols
are mainly derived from the direct ablation of living vegetation. But there is a need to take
into account the good evidence for significant contributions from aged material reaching
collection points via aerosols derived from intermediate reservoirs such as soils and lake

sediments (Eglinton et al., 2002).
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Corresponding to the multimodal carbon number distribution of the ralkanols in the
present study, the molecular 5"°C values do not follow a simple carbon number trend
(Fig. 3.4; Table 3.4). This is illustrated by the absence of any correlation between ACL .3,
values and the weighted mean average stable carbon isotope values (613CWMA22_32) in
Fig. 3.7b. Still, there is a pronounced N-S increase of the 3" Cuwmazs.32 Values quite like the
trend for the r+alkanes. The correlation coefficient (r’) of the two weighted mean average
carbon isotope parameters is 0.94 (Fig. 3.7e), whereas that of the +Cog alkanol to the sum
of all other homologues is 0.80 (Fig. 3.7d).

3.4.4 Pollen distributions

Accumulation rates (in counts cm? ka™”'; AR) of pollen and spores (Fig. 3.4, Table 3.5)
for the sites of the N-S transect show the same trends as the MAR values of the r-alkanes
and r+alkanols (Table 3.3), being highest close to the coast. Pollen AR values at GeoB
Site 1722 are lowest and resulted in too small pollen counts to calculate meaningful

percentages.

Fern spores and pollen of the sum of woody plants originate only from plants using C;
metabolism. Relative abundance and accumulation rates indicate the importance of the C;
plants within the vegetation. However, other pollen taxa originate partly from C; plants (but
cannot be distinguished from the C, representatives). Therefore, the fern spores, woody
plant pollen and cape reed pollen (see below) together only give a minimum indication for
the proportion of 'C; pollen'. The two northern sites of our transect register 80-90% of 'Cs
pollen', recording very little 'C,4 pollen' in the marine sediments off the Congo river (Fig. 3.4
and 3.5, Table 3.5). Stepwise reduction of the C; plant proportion as recorded by pollen

and spores is found for the rest of the N-S transect.

The partly wind-pollinated cape reeds are an important and typical constituent of the
Cape flora. Cape reeds only use C; metabolism. At present, their distribution is restricted
to the winter rainfall area of the Cape Province in South Africa (Fig. 3.2). Due to the
northwards directed surface winds, low amounts of cape reed pollen are found in marine

sediments as far north as ca. 20°S.

The Nama Karoo in Namibia and South Africa and the savannas in Namibia (western
Kalahari; Fig. 3.2) are rich in composites. Among them are species that use the CAM
metabolism (for instance Scenecio species). The increasing importance of composites in

the vegetation of SW Africa is reflected in the higher pollen percentages found in the
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southern sites of the N-S transect. Other important groups of CAM plants, such as the
succulent Mesembryanthemaceae (Vijgjes), produce very little pollen and are
palynologically almost silent.

Most important pollen groups indicating a C, plant origin are those of the grass
(Poaceae) and sedge (Cyperaceae) families. The latter family includes C,4 species such as
Cyperus laevigatus growing in halophytic swamps and Cyperus papyrus (papyrus)
growing in freshwater swamps and around freshwater lakes. Except under closed
canopies, grasses grow almost everywhere. Specifically, where the forest opens as a
result of climatic or edaphic conditions, grasses are abundant. Most of the tropical grasses
use the C4, metabolism. Extratropical C; grasses are found in the winter rainfall area.
Along the N-S transect, grass pollen is most abundant at the southern sites and declines
towards values of less than 10% before the mouth of the Congo river. Additional
information is given by the pollen record of 7ribulus, a C, weed which grows in the desert.
Contrary to the situation in Northwest Africa, pollen of halophytic plants from the families

of Chenopodiaceae and Amaranthaceae are not well represented in Southwest Africa.

Parallel to the results for the ralkanes and r-alkanols, the pollen reflect a strong
southwards increase of the C4 plant component in the vegetation. To facilitate comparison
with the modelled C,4 plant supply using 3Cuwmaz7.33, we summed the pollen percentages
of Poaceae and T7ribulus (Fig. 3.5). The Poaceae also contain some C; representatives;
on the other hand, C4 plant representation in other families like Cyperaceae are not
included. The pollen-based estimates of the proportions of C,4 plants correlate well with the
weighted mean average molecular carbon isotope values of r-alkanes (613CWMA27_33;
Fig. 3.7h; r*=0.79) and rralkanols (3" Cwwazz-32; Fig. 3.7i; ’=0.92), hence registering the

effect of deposition of C, plant material: Whereas the n-alkane average chain length

Fig. 3.7. (opposite) Linear correlations of aliphatic biomarker and pollen parameters (x vs. y axis):
a) ACL27_33 versus 613CWMA27_33; b) ACL22_32 versus 61SCWMA22_32; C) 613CWMA of /7-027, /7-C31 and /7-C33
alkanes versus 8'°C of n-Cy alkane; d) 8'°Cwwa Of 7-Cpp, 1-Cpa, n-Cas, n1-C3 and n-Cs, alkanols
versus 3'°C of n-Cpg alkanol; €) 3"Cymazr.33 versus 8 °Cwmazzsz f) % Cs pollen versus ACLyy.ss;
g) % C4 pollen versus ACLy; h) % C4 pollen versus 3"°Cwmazrss; i) % Ca pollen versus
3" Cymazz-32; i) AR (pollen and spores) versus MAR (r+alkanes); k) AR (pollen and spores) versus
MAR (r-alkanols); I) AR (pollen and spores) versus MAR (TOC). In diagrams j through | values for
ODP 1079 (4) are not plotted for scaling reasons and not included in the calculation of the r?
values. Sample codes: 1 - ODP 1075A; 2 - GeoB 1008-3; 3 - GeoB 1016-3; 4 - ODP 1079A;
5 - GeoB 1028-5; 6 - ODP 1082A; 7 - GeoB 1710-3; 8 - ODP 1084A; 9 - GeoB 1722-1. Weighted
mean average of carbon isotope values (%o versus V-PDB): 613CWMA27_33: odd-carbon-numbered
n-Cy; to n-Cs3 alkanes; 613CWMA22_32: even-carbon-numbered n-C,, to n-Cz, alkanols (note that
mean average values for a given sample were only calculated of the alkane homologues for which
carbon isotope ratios were available; cf. Table 3.4); ACL,;.33/ACL2o.30: Average chain length of
mralkanes (n-Co; to n-Cs3) and rn-alkanols (n-Cx to n-Csy), respectively; %C,4 (pollen): Sum of
C4-species (grasses, predominantly Cy4, and Tribulus, C,).
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Table 3.5. Pollen data.

Accumulation rates

Core Depth Age Pollen Spores Csplants Cape reeds Grass Cyperaceae Tribulus Composites
(cm) (ka) (cm?ka') (cm?®ka') (cm®*a') (cm%*a') (cm?*ka')  (cm%a') (cm®*a') (cm?ka™)
Sequence® A B C D E F G H
ODP 1075A 65 6.1 5,809 1,004 5,109 0 456 122 0 0
GeoB 1008-3 25 3.5 12,986 8,713 8,629 0 1,843 1,466 0 168
GeoB 1016-3 10 2.1 1,604 61 823 0 593 92 0 26
ODP 1079A 67 2.7 330,031 31,692 169,387 0 84,147 60,105 0 9,835
GeoB 1028-5 20.5 3.7 628 9 151 0 348 75 0 35
ODP 1082A 28 2.8 12,325 437 3,496 262 6,294 699 524 1,923
GeoB 1710-3 3.5 0.9 585 25 137 21 319 46 0 74
ODP 1084A 51 2.3 25,873 924 5,544 1,478 12,382 2,218 554 5,544
GeoB 1722-1 4.5 2.2 18 2 4 1 6 1 0 3
Percent of total pollen and spores
Core Depth Age Pollen Spores Cs;plants Cape reeds Grass Cyperaceae Tribulus Composites
(cm) (ka) (%) (%) (%) (%) (%) (%) (%) (%)
Sequence® A B C D E F G H
ODP 1075A 65 6.1 85 15 75 0 7 2 0 0
GeoB 1008-3 25 3.5 60 40 40 0 8 7 0 1
GeoB 1016-3 10 2.1 96 4 49 0 36 6 0 2
ODP 1079A 67 2.7 91 9 47 0 23 17 0 3
GeoB 1028-5 20.5 3.7 99 1 24 0 55 12 0 5
ODP 1082A 28 2.8 97 3 27 2 49 5 4 15
GeoB 1710-3 3.5 0.9 96 4 22 3 52 7 0 12
ODP 1084A 51 2.3 97 3 21 6 46 8 2 21
GeoB 1722-1 45 2.2 n.c.’ n.c.’ n.c.’ n.c.’ n.c.’ n.c.’ n.c.’ n.c.’

a) Sequence refers to Figure 4, last column b) n.c. = not calculated due to low absolute counts

NIDYVIN DILNVILY LSVIHLNOS FHL 40 1D3ISNVYL INIDOTOH - €
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(ACLyy.33) increases in parallel with the percentage of C, plant pollen (Fig. 3.7f; r’=0.73),
thus suggesting that longer-chain r+alkanes are proportionally more C, plant in origin, a
similar relationship was not observed for the ACL,,.35, values of the r-alkanols (Fig. 3.7g;
r’=0.08).

3.4.5 Plant wax components of the transect sediments. biogeochemical and
environmental considerations

Plant waxes may be supplied by wind and particle abrasion of contemporary
vegetation, smoke aerosols and by clay and other soil particles. Waxes are significant
components of pollen but the mass flux is minute. Little is known of the direct shedding of
plant wax crystallites into the wind, but plant waxes are released in smoke aerosols during
vegetation burning (Swap et al., 1996b). Plant wax contents of aeolian dust can be several

percent dry weight (Huang et al., 2000).

In the transect sediments, there is some proportionality seen in the fluxes of waxes
(MAR of rralkanes and of nalkanols) and of pollen (AR of pollen) (Tables 3.3 and 3.5,
Fig. 3.4 and 3.7j-k). This is to be expected, since both types of organic matter are
transported by the wind systems, although they will differ in their source areas and fallout
rates with distance carried. It is clear that AR of pollen correlates best with MAR of long-
chain odd-carbon-numbered r+alkanes (almost exclusively of terrigenous higher plant
origin; Fig. 3.7j), slightly less well with MAR of long-chain even-carbon-numbered
n~alkanols (some marine contribution; Fig. 3.7k) and not significantly with MAR of TOC
(strong influence of marine organic matter; Fig. 3.71). A similar proportionality between
accumulation rates of pollen and higher-plant wax lipids was reported for the Northwest

African continental margin (Huang et al., 2000).

The varying proportions of marine and terrigenous organic matter in the sediments of
the Southeast Atlantic Ocean have been quantitatively estimated in several studies. On
the basis of stable carbon isotope ratios of the total organic matter (613Corg) Westerhausen
et al. (1993) calculated the proportion of terrigenous carbon as ranging from 20% to 60%
in sediments of the eastern equatorial Atlantic, but a contribution from C, plants was
neglected. In our study area, the C, plant contribution may, however, rise to 16% of total
organic carbon, according to Wagner (2000). Also neglecting C, plant contribution,
Schneider (1991) concluded that the marine organic carbon content in Late Quaternary
sediments from the Congo deep-sea fan fluctuates between 0.5% and 3%, whereas the

content of terrigenous organic carbon remains relatively constant at 0.5% to 1.0%.

In our study, the estimates of the percentage of C, plant contribution to the transect

sites for the r+alkanes, based on 3°Cyuaz7.33, the r-alkanols (3" Cwwazz.32) and the pollen
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counts show reasonably parallel behaviour from North to South (Fig. 3.4, 3.5 and 3.7h,i),
again as reported for the Northeast Atlantic Ocean (Huang et al., 2000). Close parallelism
between 5'°C values of r-alkanes, r-alkanols and pollen species distributions is not to be
expected in view of the many differences in the operation of the relevant environmental
processes. For example, Bird and Pousai (1997) provided evidence that C,4 rather than C;
plant-derived carbon is preferentially contributed to the fine-sized fractions of aerosols,
which are known to be subject to longer-range transport than the larger sizes. However,
the observed parallelism is in accord with our concept of broadly similar perspectives of
the source areas in terms of common phytogeographic origins. The pollen, dust and
smoke emissions are averaged over large source regions by a variety of uplift and
transporting wind systems (Table 3.2). Wagner (2000), in his study of ODP Sites 663 and
664 in the Gulf of Guinea, pointed out that enhanced aridity and stronger winds in Africa
are reflected in the oceanic sediments in the form of greater C4 plant and inertinite
contributions from increased dust lift-off from source areas such as the Chad Basin and
from increased aerosols from vegetation fires in the savannas.

Of particular interest is the distinct parallelism in increasing ralkane average chain
length (ACL,7.33) and more positive 3"Cuwmaz7.33 values over the N-S transect. ACLy7.33
increases by almost a full carbon number from 29.92 to 30.83 (Table 3.3), whereas
3"Cuwmaz7.33 becomes more positive from -35.0%0 to -25.5%0 (Table 3.4). This relationship
is also seen well in the x-y representation of these two parameters (Fig. 3.7a), expressing
a latitudinal trend. A prior indication of such a relationship between carbon number and
latitude was observed by Simoneit (1977) in lipids from aeolian dust trapped during ship
transits in the South Atlantic Ocean. Collections in July and September revealed the
typical wax patterns for the ralkanes (high CPI values of long-chain homologues with
carbon number maxima at n-C,9 and n-Cs;) and for the ralkanols (high even-carbon-
number predominance with carbon number maximum at n-C,s). The data were very
limited, but a N-S trend was noticeable in the n-alkane carbon number maximum from
n-Cyg in the equatorial Atlantic to n7-Cs¢ in the South Atlantic. Similar data are available for
the Northwest African/Northeast Atlantic Ocean region (Simoneit, 1977; Huang et al.,
2000; Eglinton et al., 2002; Scheful et al., 2003b). One possibility is that we could relate
the trend in the carbon number maximum of 7Cyg to 7C3; in our data to increasing cover
of grasses on the continent from the tropical jungle southwards, via the savanna areas of
Angola, Zambia, Namibia and Botswana, to the Kalahari and the Nama Karoo in South

Africa.

Conversely, Kawamura et al. (2003) remark that “higher plants growing in tropical
regions biosynthesise higher molecular weight epicuticular waxes in response to higher

ambient temperatures to maintain the hardness of leaf surfaces.” They adduce data for ten
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species of broad-leaf trees growing at different latitudes. Thus, the ACL values for the
r~alkanes were 28.9, 29.6 and 31.5 for 43°N, 27°N and 6°S, in effect for temperate, sub-
tropical and tropical zones, respectively. These very limited data are, however, not for the
same species growing at different latitudes and hence, because of the known variability of
homologue distributions from one species to another, they can only be regarded as
preliminary information. As the authors point out, larger surveys and also studies of single

species growing in different temperature regimes are required.

Some basic phenomenon, operating continent-wide on a regional phytogeographic
scale, would seem to lie behind these trends in carbon numbers and 3"°C isotopic
composition. Since we take the carbon stable isotopic composition as a measure of the
percentage of C, plant vegetation, increasingly less negative values corresponding to
higher C, plant proportions, then a possibility is that this relationship is also paralleled with
a shift in carbon number distribution of n-alkanes to higher carbon numbers. However,
there seems no a priori reason why C, plant r-alkane biosynthesis should favour higher
average chain length distributions. It may be that increased C, plant competitiveness and
increased ACL are independently related to specific environmental factors. Thus, longer
carbon chains could be an evolutionary response to raised temperatures and/or aridity
(cf. Scheful et al., 2003a).

Overall, the N-S transect of oceanic sites parallels increased continental aridity but
lower mean temperatures. White (1983), in his phytogeographic survey, uses Walter
diagrams (Walter and Lieth, 1960-1967) to document the year-long situation for
temperature and rainfall (Fig. 3.8). These diagrams graphically portray mean monthly
temperatures and rainfall. In arid times the rainfall drops below the temperature curve, and
thus much of the African continent below the equator is classified as “arid” for at least half
the year. In contrast, the tropical forest region is classified as “humid” for almost all the
year, with a mean annual temperature of about 25°C. Mean annual temperatures
gradually fall from this high value to 17°C in southern South Africa, where aridity reaches
high levels almost all year. Hence, ACL,;3; may be paralleling aridity but involving
seasonality as another major factor. Aridity alone does not seem likely to be a factor which

would determine ACL of n-alkanes in leaf waxes.

A related possibility is that leaf surface temperature may be the key factor. Leaf waxes
are not generally present as smooth coatings of the leaf cuticle. Rather, they occur as
carpets of microcrystallites in the micrometer range, varying greatly in size, shape and
cuticular distribution from species to species (Martin and Juniper, 1970; Juniper and
Southwood, 1986). Loss of this microstructure due to melting at raised temperatures is

likely to be deleterious to the essential protective role of the waxy coating of leaves. Thus,
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Fig. 3.8. Climatic classifications for Southern Africa (cf. Fig. 3.2 for phytogeographic zones). The
figure is based on those presented by White (1983) using climatograms according to Walter and
Lieth (1960-1967). A small number of climatograms was selected as being representative of the
regions concerned. Arid periods prevail when the rainfall curve drops below the temperature curve.
Details are given in White (1983, Chapter 2).

the melting points of the pure alkane homologues are reported as follows: n-Co;, 59.5°C;
n-Csyy, 63.7°C; n-Csq, 67.9°C (Budavari, 1991), i.e. the melting point rises by ca. 4°C with
an ACL increase of 2. The actual effect on the melting points of leaf waxes of increased
ACL of the nalkane components is presently not known but a slight increase seems a

reasonable prediction.

One can anticipate, therefore, that a key parameter in relation to leaf wax protective
behaviour may be the ‘mean daily maximum temperature of the hottest month’ or the
‘absolute maximum temperature’. White (1983) lists a few such data (cf. Fig. 3.8) but none
are given for important source areas such as the Central African pans in Botswana. Here,
intense sunlight and persistent arid conditions must present plants with environmentally
extreme situations. Such considerations describing actual leaf surface temperatures and
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aridity would be of special interest in relation to the distributions of the C, tropical and sub-
tropical long-leaved, tall grasses which likely contribute markedly to the aeolian wax signal
registered for the southern portion of the transect. Associated factors may include wind
velocity (wind burn) and dust abrasion. At the core of the present study is our interest in
compound-specific 3'*C biomarker data for leaf wax compounds extracted from oceanic
sediments. We want to use the 3'°C data to derive an understanding of the contributing
continental vegetation in terms of C; versus C, photosynthetic pathways and then to use
the resultant C; versus C, findings to infer the climatic regime pertaining in the source
area. Unfortunately, the number of plant species examined for compound-specific stable
carbon isotope measurements of their leaf waxes remains rather small (Rieley et al., 1993;
Reddy et al., 2000). However, Boom et al. (2002) recently documented r+alkane
distributions and compound-specific 5'°C values for six species of grasses which are
major contributors to the vegetation cover at 2-3 km altitude in the High Plains of the
Colombian Andes. All six Poaceae species show high CPI values. The r~alkane
distributions of the three C; species maximise at n-C,s or n-C»; and have an average 3"3C
value of approximately -35%0 for the r-alkanes, whereas the three C, plant rn-alkanes
maximise at 7-C3; or n-Cs; with 3'°C values of about -21%.. For the purpose of establishing
C; versus C, estimates they selected end member values for the 7-C3; alkanes of -35%o

and -20%o, respectively.

One problem for this approach and for the interpretation of the underlying processes
are the present uncertainties in the relationships between the relevant environmental
factors and the competition of C; versus C, (and CAM) plants. Teeri and Stowe (1976)
demonstrated a good linear positive relationship between increasing relative abundance of
C, versus Cj; grass species and increasing minimum temperature in the growing season in
North America. However, Vogel et al. (1978) commented that this relationship did not hold
for South Africa where the distribution map of C, versus C; grass cover seems to suggest
higher temperatures and aridity as providing selective pressure for increases in C,
grasses. Schultz (1995) summarised the situation underlying the larger proportions of Cy4
plants found in warmer regions: “C4 plants have higher temperature optimum (30-35°C
compared with 10-25°C for the C; plants) and a higher water-use efficiency (transpiration
ratio), no photorespiration losses, and they are capable of utilizing higher radiation
intensities.” Johnson et al. (1998) remarked that the distribution of C; versus C, grasses in

Southern Africa depends on the seasonal rainfall patterns.

The C; plants include virtually all trees and many bushes and shrubs which, when
given enough rainfall, nutrients and light, outcompete the less tall C, plants by simple
exclusion through superior ground coverage (Lockheart et al., 1997). Wagner (1999)

pointed out that “terrestrial C, plants include many grasses which exhibit optimum
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photosynthesis at temperatures about 10°C higher than vascular C; plants and are thus
common in warm tropical and dry to arid climates.” So, provided temperatures are not
extreme, it is mainly under arid circumstances that C, plants outcompete C; plants through
superior water control (Huang et al., 2001; Scheful3 et al., 2003a,b). Hence, the
subtropical and tropical grasses successfully maintain ground cover in the savanna and

partial desert areas of the Southern African continent.

Clay fractions are known to carry much of the lipid load of a sediment through
adsorption and absorption, which has implications for biomarker studies. Petschick et al.
(1996) reported that simplified clay mineral provinces (kaolinite, smectite, illite, from N to
S) can be distinguished in the Southeast Atlantic Ocean bottom sediments, which reflect
different sources of wind-blown and riverine terrestrial material similar to those
determining the pollen and 3"C differentiation observed in this study (Fig. 3.9). Dust
plumes off Southwest Africa and their associated dust sources are described by Gingele
(1995) and Gingele et al. (1998).

Clay mineral analyses of abyssal surface sediments in the eastern basin of the
Southeast Atlantic Ocean revealed that the detrital clays are derived not only from
Southwest and West Africa, but also, to a much smaller extent, from South America (e.g.,
Patagonia) and Antarctica. The clay assemblages north of 30°S are strongly influenced by
the African sources, controlled by complex interaction of weathering regimes on land and
also by wind, river and deep ocean current transport (Petschick et al., 1996). Hence, the
mixed origin of the clays will have a parallel in a mixed origin of the biomarkers. However,
these effects may be mitigated somewhat through mineralisation of the organic matter

fraction during slow long-distance current transport of the clay particles.

The annual dust load carried by the wind systems from the South African continent into
the Southeast Atlantic Ocean is much less than that encountered off Northwest Africa
(Chester et al., 1972). However, this dust still contributes significantly to the sedimentary
flux at the sites studied. The northern sites used for this study (GeoB 1008, ODP 1075,
GeoB 1016) are on the northern fringe of the southern spring dust plume from the Kalahari
and the Namib desert, but may also receive some dust from the northern winter plume

coming from the Chad area (Gingele, 1995).

The burning of savannas comprises 50% of all tropical biomass burning (Hao and Liu,
1994; Swap et al., 1996a). The burning grass liberates phytoliths and generates abundant
microparticles of black carbon carrying adsorbed plant waxes. Aerosol emissions from
savanna fires are rich in organic matter and black carbon (10-30% of aerosol mass;

Andreae et al.,, 1998). Biomass burning in South Africa results in westwards-moving,
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Fig. 3.9. Synoptic view of the N-S transect and terrestrial organic matter transport from the African
continent. Displayed are: Ocean: Compound-specific 5"°C isotope ratios for r-alkanes (weighted
mean averages of odd-carbon-numbered n-C,; to n7-C3; homologues at the coring sites;
613CWMA27_33). Clay provinces from North to South are delineated by diagonal dashed lines
(Petschick et al., 1996) approximately as follows: (1.) Kaolinite-rich. Eolian material from North
Africa (Chad etc.) and West Africa; riverine material from the Congo. (2.) Smectite-rich. Eolian
material from Angola and North Namibia; riverine material from the Cunene. (3.) lllite(and chlorite)-
rich. Eolian material from Namib desert, Kalahari and South Africa; riverine material from the
Orange. Also some current transport. Offshore aerosol plume areas were compiled by putting
together Radiatively Equivalent Aerosol Optical Thickness (EAQOT) information from Fig. 3.3b.
Rivers: The arrows indicate the inflow points of the major rivers draining into the Atlantic Ocean.
Continent: The Sources of the Dust These are based on the general view that the most prolific
sources of dust fine enough to travel long distances (102-10 km) are the seasonally wet/dry
regions, such as pans, salt pans and old lake beds, and disturbed agricultural soils and the soils
exposed in burnt-over areas. Southern African dust source: TOMS AAI frequency of occurrence
distributions (days per month when the AAl equals or exceeds 0.7) are plotted from Prospero et al.
(2002). Expected Weighted Mean Average 3'°C Values of n-Alkanes calculated after assigned C,
plant coverage (see Fig. 3.2). Biomass Burning Areas. Angola (west coast and hinterland, centred
on 13°S; June to September with small peak in January transported south by Harmattan winds
from 0-10°N,15°W-20°E region), Central Africa (savannah and grassland, 0-10°S, mostly June)
and Southern Africa (July to September; information from Barbosa et al., 1999; Andreae et al.,
1994; Herman et al., 1997). Red areas: fires statistically every 1-1.6 years; orange areas: at least
one fire over the 8-year period of observation. Wind Directions: Simplified after seasonal (austral
winter and fall) clusters which are back-calculated to five of the sites for the austral fall and winter
quarters (Fig. 5 in Dupont and Wyputta, 2003).
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smoke-laden air exiting to the Atlantic Ocean over Angola and the Congo (cf. Fig. 3.3b).
Most smoke over Africa and the South Atlantic Ocean results from man-induced burning.
More than 50% of the African aerosol transported into the Southeast Atlantic Ocean is
said to be from the region between 0 and 10°S. A dust collection off Northwest Africa
(Eglinton et al., 2002) was found to have a high concentration of black carbon of presumed

mainly C,4 plant origin on the basis of the 3"°C values.

3.4.6 Synoptic view of the North/South transect: Lipid biomarkers and pollen from
the African continent

Fig. 3.9 summarises the distributions of the various factors affecting the provision of
material from the South African continent to the sediments of the Southeast Atlantic

Ocean.

On the continent, the phytogeography is displayed in terms of ‘ball park’ estimates of
3"3C values anticipated for the 7-C,9 alkane in the leaf waxes of the vegetation. Thus, the
tropical forests around the equator can be expected to provide a weighted mean average
8"3C value for the long-chain r-alkanes of approximately -33%o. Values at ODP Site 1075
and Site GeoB 1008 are in accord with this concept when the wind arrows are considered.
These winds will bring in not only leaf waxes but also pollen. Additionally, river drainage
(Congo) contributes sediment containing clays, pollen and waxes from the forested region.
Burning is not a major factor for this region, although there will be some material from the
savanna belt to the North of the forest. The aerosol plume indicates that the &'*C-enriched

Sahelian dust does not reach far south of the Equator.

South of the rain forest lie vast areas of savanna and scrubby grassland which have
abundant C, grasses, although the C;/C, proportion varies and is assumed to range
somewhat between 20% and 40% C, plants. Here we would anticipate weighted mean
average 5"°C values for the ralkanes to lie between -32.2%o and -29.4%o (cf. Fig. 3.9).
Once again, the austral fall and winter winds can be expected to carry the wax and pollen
signals to the West and hence to contribute to the core sites in the middle and South of the
transect. The savanna regions provide the main southern African smoke plumes due to
anthropogenic burning of the grasslands. The plumes pass out over the Angolan coast
into the Atlantic Ocean, carrying this Cy-rich signal of plant waxes which will have much
less negative 8"C values. In terms of dust, the southern part of this central region of
southern Africa has many source areas of specialised vegetation often rich in C,4 plants in
and around the areas of internal sporadic drainage - the pans, seasonally dry lake beds
and semi-deserts within the Kalahari. This dust can be expected to contribute waxes
enriched in '*C to the transect sites. Sites GeoB 1028 and ODP 1082 are just south of the
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centre of this dust plume which carries illite and chlorite into the ocean during the southern
spring (Fig. 3.9).

Further to the South and West, the Namib desert coastal strip acts as a source of dust
which is carried west and northwest, reaching especially the southern sites of the transect.
This dust can be expected to carry mainly C, and CAM plant signals, possibly with a

5" Cwwa value in the -26%o range.

Finally, the main South African region with vegetation consisting of scrub and savanna
grasses provides some pollen and smoke aerosol of a mixed C3/C, signal, mainly to the
more southern sites. It is noteworthy that Tyson et al. (1996) stated that anticyclonal
circulation of air parcels over South Africa takes place over thousands of kilometres,

resulting in significant re-distribution and re-circulation of aerosols.

An additional outcome of the present work is the new light it throws on the
quantification of terrestrial versus marine organic matter in sediments deposited at a given
marine site. The assessment method employed in the past was based on *C data for total
organic carbon, in which the binary model has one end member for terrigenous carbon
and a second end member for marine carbon. It is now clear that such assessments will
depend on the make-up of the terrigenous carbon component in terms of C, versus C;
plant material. The present work shows that there can be quite a major shift, for example
from a small percentage of C4 plant material off the Congo to quite a high percentage off
Namibia. New models will need to be set up to take account of such differences. Thus the
3C data for TOC in the publication of Westerhausen et al. (1993) could now be
reevaluated to provide more accurate calculations of terrigenous sediment fluxes, using
estimates of C,4 versus C; plant material off North West Africa as documented by Huang et
al. (2000).

3.5 Conclusions

The scope for mapping and profiling terrigenous biomarker transport and deposition
into epicontinental areas is great. The actual mechanisms of transport - aeolian, riverine,
coastal erosion, and currents - are, of course, important and need much further study in
order to fully explain and interpret ocean sediment deposits. But mapping and profiling
biomarker distributions and their isotopic compositions can already provide insights into
the palaeophytogeography of the adjacent continental areas. This information can in turn

be utilised to infer regional and continental-scale palaeoclimatic change.
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The present study has made use of two types of biomarkers - the long-chain ralkanes
and rr+alkanols - as homologous series of biosynthetically related compounds derived from
terrigenous higher plant leaf waxes. Their relative abundances and 8C values are
interpretable on a compound-specific basis. The information that can be drawn at present
is limited to a broad assessment of the extent of C; versus C, vegetation, which is not
readily available in other ways. However, the large scale and the variable nature of the
source areas and of the transport processes have a major averaging effect on the fluxes of
the lipids and pollen and their areal distributions, resulting in broad aerosol plumes many
hundreds of thousands of square kilometres in extent, with consequential extensive
blurring and spreading of the original source signatures. Deep ocean current transport of
the aeolian deposits once in the marine realm is a further factor but is probably of lesser

importance in determining the observed sea floor distributions.

In effect, the present paper is a pilot study which employs pollen and spore counts,
together with abundance and compound-specific 5'°C measurements for the long-chain
lipids extracted from sediments at nine sites on a 5-30° North to South latitudinal transect
in the Southeast Atlantic Ocean. The lipid data, when interpreted in terms of leaf wax
contributions of C; versus C, plants, broadly parallel the distribution of C; and C,
vegetation on the South African continent, when taken in conjunction with the observed
westerly and northwesterly paths of aerosol plumes, including smoke from vegetation fires
and dust from arid regions, as observed by satellite and field measurements. Using the
established wind trajectories for the austral winter as a guide, the principal source regions
for the aerosols appear to include both heavily vegetated areas, such as the tropical jungle
in the Congo (almost entirely C; plants), the grasslands and savannas, and more sparsely
vegetated areas and desert regions (mixture of C3 and C4 plants) of Southern Africa as a
whole, such as the Kalahari, the Namib, and the Botswana salt pans. Our findings are in
general accord with the data very recently reported by Scheful? et al. (2003b) for a survey

of marine sediments in the same general area of the Southeast Atlantic Ocean.
Some salient conclusions are:

= Both r+alkanes and r-alkanols are present in similar abundances and possess
similar compound-specific carbon isotope signatures. The hydrocarbon histograms
show minor contributions from a smooth distribution of ralkanes centred on the
n-Co7; homologue which may be indicative of petroleum contributions. The long-chain
nalkanols have the advantage of not being influenced by contributions from

petroleum or eroded mature organic matter.

= Fluxes or accumulation rates of ralkanes, r-alkanols and pollen and spores are
roughly proportional to one another, reflecting their common continental source

regions and transport processes. Higher values are seen at the near-coastal sites
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and at those sites in the path of the aerosol plumes born from the arid and semi-arid
areas by the southeast trades and the offshore winds of the austral winter. River

discharge is not a major feature except off the Congo river.

For the ralkanes the average chain length (ACL) essentially increases from North
to South from 29.92 to 30.83 (the carbon number maximum moves from 7Cyg to
n-Cs3q). This trend is paralleled by more positive 3"3C values, from -35%o to -25%o.
Similar trends are seen for the r+alkanols. This increase in ACL and the positive
trend in 8"°C values could possibly be explained by a contribution of C, plant waxes
containing ralkane distributions having a predominance of longer-chain
homologues, e.g. higher proportions of n-Csq, n-Cs3, n-C3s alkanes, as well as more
positive 3"3C values. E.g., it was observed that the accumulation rate of the n-Cy4
alkane relative to the other homologues increases with latitude. If tall subtropical
grasses (C, type) biosynthesise predominantly the n-C3; alkane, whereas trees etc.
synthesise n-C,; and n-Cyy alkanes (cf. Maffei, 1996, and literature quoted by
Schwark et al., 2002), then this trend is in accord with the grass/herb pollen ratio

increasing with increasing latitude as seen in our data set.

The C, estimates based on &3C values for individual alkanes and r-alkanols
parallel each other and those afforded by pollen counts. All show a North to South
trend, with the lowest values in the region of the Congo and the highest off Namibia
at ca. 29°S. Both temperature and aridity are likely to be important factors in

controlling the balance of C; versus C, vegetation, especially in relation to season.

The increased C, plant contribution revealed by both the wax and pollen signals at
the southern sediment sampling sites is probably related to the increased
contributions reaching them from the tall grasses of the tropical and sub-tropical
savanna regions and from the plant debris-rich dry soils of the desert areas of
Southern Africa. The relative proportions of the contributions of waxes and of pollen
spores provided directly from vegetation by ablation, by natural and anthropogenic
burning, and indirectly by deflation of dusts from pans and semi-desert areas remain
to be disentangled.
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4 Glacial/interglacial changes in southern
Africa: compound-specific "*C land plant
biomarker and pollen records from
Southeast Atlantic continental margin
sediments
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4.1 Abstract

We examined Southwest African continental margin sediments from nine sites on a
North-South transect from the Congo Fan (4°S) to the Cape Basin (30°S) representing two
glacial (Marine Isotopic Stages, MIS, 2 and 6a) and two interglacial stages (MIS 1 and 5e)
each. Contents, distribution patterns and molecular stable carbon isotope signatures of
long-chain ralkanes (n-Cy; - n-Cs3) and ralkanols (n7-Cy, - n-Cs;) as indicators of land
plant vegetation of different biosynthetic types were correlated with concentrations and
distributions of pollen taxa in sediments of the same time horizon. Selected single pollen
type data reveal details of the vegetation changes, but the overall picture is best illustrated
by summing the pollen known to predominantly derive from C, plants or C, plus CAM
plants. The C, plant signals in the aliphatic biomarkers are recorded in the 5'°C data and
in the abundances of the nC3;; and n-Cs; alkanes and the n-Cs, alkanol. Calculated
clusters of wind trajectories for austral summer and winter situations for the Holocene
(MIS 1) and the Last Glacial Maximum (MIS 2) afford information on the source areas for
the lipids and pollen on land and their transport pathways to the ocean sites; these wind
patterns appear to be applicable also to the earlier glacial and interglacial stages. This
multidisciplinary approach on an almost continental scale provides clear evidence of
latitudinal differences in leaf wax lipid and in pollen composition, with the Holocene
sedimentary data paralleling the current major phytogeographic zonations on the adjacent
continent. The northern sites (Congo Fan area and northern Angola Basin) get most of
their terrestrial material from the Congo Basin and the Angolan highlands dominated by C;
plants. Airborne particulates derived from the western and central South African hinterland
dominated by deserts, semi-deserts and savanna regions are rich in organic matter from

C, plants. Very little aerosol from the African continent is transported to the most southerly
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sites in the Cape Basin. As can be expected from the present and glacial positions of the
phytogeographic zones, the carbon isotopic signatures of the r-alkanes and ralkanols
both become isotopically more enriched in "*C from North to South. In the northern part of
the transect the relative importance of the C, plant indicators is higher during the glacials
than in the interglacials, indicating a northward extension of arid zones favouring grass
vegetation, but also an increase of open sedge swamps in areas of interglacial swamp
forests. In the south, where grass-rich vegetation merges into semi-desert and desert, the
difference in C4 plant indicators is small. The results of the study suggest that this
combination of pollen data and compound-specific isotope vegetation proxies can be
effectively applied in the reconstruction of past continental phytogeographic and

palaeoclimatic changes.

4.2 Introduction

In the global organic carbon cycle the ocean is an important sink for terrigenous organic
matter transported off shore by rivers and winds. Through this mechanism, marine
sediments preserve a record of geographic and secular changes of continental climate
and vegetation. Land-plant-derived organic particles may consist of microscopically
recognisable spores, pollen and various kinds of plant fragments (e.g., Taylor et al., 1998).
Land plant signatures are also displayed by specific biomarkers, such as long-chain
n-alkanes and rralkanols, and in bulk and molecular carbon isotopic signatures (e.g.,
Eglinton and Hamilton, 1967; Rieley et al., 1993).

Recent studies examined aeolian dusts, surface sediments and cores from continental
margins for allochthonous terrigenous organic matter, using a combination of aliphatic
biomarkers, carbon isotopic compositions and pollen distributions (e.g., Huang et al.,
2000; Zhao et al., 2000, 2003; Eglinton et al., 2002; Scheful® et al., 2003a,b, 2004). The
results comprise qualitative information concerning the phytogeography, soil conditions
and the erosion and transport processes from land to ocean. The hinterland areas may be
extensive, but the data provide an informative, integrated signal of the vegetation over a

large, but broadly definable continental region.

In a previous pilot study, we employed pollen and spore counts, together with
abundance and compound-specific 5'°C measurements for the long-chain lipids extracted
from Holocene near-surface sediments collected at nine sites on a 3000 km North to
South latitudinal transect (5-30°S; Fig.4.1) in the Southeast Atlantic Ocean
(Rommerskirchen et al., 2003, Chapter 3). The Holocene lipid data, when interpreted
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Fig. 4.1. Partial map of Africa showing site locations (see Table 4.1 for more details), major
oceanic basins and currents in the Southeast Atlantic Ocean as well as political boundaries. ABF =
Angola-Benguela Front, AC = Angola Current, BCC = Benguela Coastal Current, BOC = Benguela
Ocean Current, SECC = South Equatorial Countercurrent; Congo Plume (after van Bennekom and
Berger, 1984).

o 1 - Guinea
30°S ¢ 2 - Equatorial Guinea [
3 - Cabinda N\
4 - Lesotho
5 - Swaziland

in terms of leaf wax contributions of C3 versus C, plants, broadly paralleled the present-
day distribution of C; and C, vegetation on the South African continent, when taken in
conjunction with the observed westerly and northwesterly paths of aerosol plumes,
including smoke from vegetation fires and dust from arid regions, as observed by satellite
and field measurements. Using the established wind trajectories for the austral winter as a
guide, the principal source regions for the aerosols appeared to include both heavily
vegetated areas, such as the tropical jungle in the Congo (almost entirely C; plants), the
grasslands and savannas, and more sparsely vegetated areas and desert regions (mixture
of C; and C, plants) of Southern Africa as a whole, such as the Kalahari, the Namib and
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the Botswana salt pans. Our findings were in general accord with the data reported nearly
synchronously by Scheful? et al. (2003b) for a survey of marine sediments in a similar area

of the Southeast Atlantic Ocean.

The present study extends this approach back to about 140 ka by the investigation of
additional sediment samples from the same nine sites off Southwest Africa representing
two glacial (Marine Isotopic Stages, MIS 2 and 6a) and two interglacial stages (MIS 1 and
5e) each. The sediment material was recovered during Ocean Drilling Project (ODP) and
RV Meteor cruises into the Southeast Atlantic Ocean (Table 4.1). The results of the
molecular and microscopic analyses are discussed both along the transect for each time
slice and as a time sequence at each sampling location in terms of the continental
phytogeography related to the occurrence of C; and C, plants in warm and cold stages
(cf. Fig. 4.2, page 105).

With the exception of the two northernmost sites, located in front of the Congo River,
coring occurred at distances from the coast where aeolian (not riverine) contributions
would be the dominant sources of terrigenous material. The length of the N-S transect,
paralleled by a wide phytogeographic diversity on the continent, is an excellent test range
for this type of multiproxy assessment. As with all proxies, pollen counts are biased
records due to the differential effects of seasonal flowering, varying winds, amounts of
pollen produced, transportability, different stabilities of pollen varieties, and ambiguities in
the recognition of pollen species. However, wax components also have their problems,
such as compositional variation with species in terms of amounts, compound and carbon
isotope distributions and factors such as ease of abrasion, adsorption to soil particles and
transport with dust.

4.3 Materials and methods

4.3.1 Sediment cores

Material for analysis was selected from five gravity cores collected during Meteor
cruises M 6/6 (GeoB 1008, 1016 and 1028; February 1988) and M 20/2 (GeoB 1710 and
1722; January 1992) (Wefer et al. 1988; Schulz et al. 1992) and four drill cores from ODP
Leg 175 (ODP 1075, 1079, 1082 and 1084; Wefer et al. 1998; Table 4.1). From each core
and time slice, 5 to 10 mL sediment was taken. Stratigraphy and age models for Meteor
cores are after Schneider et al. (1995, 1996), Shi et al. (1998) and Kirst et al. (1999), for
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Table 4.1. Cores studied. Locations, sedimentation rates and age models.

g 3

g B

8 g

3 3 =N ) .
s = -t 3@ Sedimentation rate
b a 3 S g (cmka™)
. ~F —F ® = =089
Site Hole ' ' e me 32 38 3553
no. _ designation Site location =~ ~ =~ ~ =~ MIS 1 MIS 2 MIS 5e¢ MIS 6a Age model
1 ODP 1075A Congo Fan 4°47  10°04 2995 150 (ciigo) 9 15 6 6  Wefer et al. (1998), Dupont et al. (2001)
2 GeoB1008-3 Northern Angola Basin ~ 6°35' 10°19° 3124 270 (cilgo) 9 5 6 Schneideretal. (1995, 1996)
3 GeoB 1016-3 Southern Angola Basin  11°46° 11°41° 3411 170 (Cffgne) 8 3 4  Schneider et al. (1995, 1996)
4 ODP1079A  Southen AngolaBasin 11°56' 13°19' 738 60 o ffgne) 43 26 24 29 Weferetal. (1998)
5 GeoB 1028-5 Southern Angola Basin 20°06° 9°11° 2209 320 (Cfr?é)ne) 6 2 4 1 Schneider et al. (1995, 1996)
N o oAns 1000 Wefer et al. (1998)
6 ODP 1082A Walvis Ridge 2105 11°49' 1279 150 (20010 10 10 0 JEEe s 00 2
7  GeoB 1710-3 Walvis Basin 23°26' 11°42° 2987 270 (Or787n°ge) 4 7 4 6 Kistetal (1999)
: o onq? 480 B. Donner (pers. commun., 2002),

8 ODP 1084A Northern Cape Basin ~ 25°30° 13°01° 1992 175 (Orange) 22 21 11 21 J.-H. Kim (pers. commun, 2004)
9  GeoB 1722-1 Cape Basin 29°07 11°45° 3973 380 (Ofa5noge) 2 1 2 T.Bickert (pers. commun., 2000)
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ODP Site 1075 after Dupont et al. (2001), for ODP Site 1079 after Pérez and Berger
(2000), for ODP Site 1082 after Bickert (pers. commun., 2000) and for ODP Site 1084
after Donner (pers. commun., 2002) and Kim (pers. commun., 2004). For comprehensive
information on the oceanography of the Southeast Atlantic Ocean and the sedimentology

and geochemistry of the sediments see Wefer et al. (1998, 2002).

A complete set of analytical data of this study will be made available through the
PANGAEA database (http://www.pangaea.de).

4.3.2 Mass accumulation rates

Organic carbon and biomarker mass accumulation rates (MAR, mgcm?kyr', total
organic carbon, or pug cm?kyr”, biomarkers) were calculated to eliminate any dilution
effects by using the equation MAR = X - p - S,, (van Andel et al., 1975; Lyle, 1988), where
X = total organic carbon content (mg g sed™') or content of a specific biomarker or group of
biomarkers (ug g sed™), p = dry bulk density (g cm™; Wefer et al., 1998) and S, = average

sedimentation rate (cm kyr'; Table 4.1).

4.3.3 Methods for lipid and pollen analysis

For lipid analysis, sample aliquots of 2-15 g were extracted. The r~hexane-soluble
fraction was separated by medium-pressure liquid chromatography (Radke et al., 1980)
into fractions of aliphatic/alicyclic hydrocarbons, aromatic hydrocarbons and polar
heterocomponents (NSO). Carboxylic acids were separated from the NSO fraction using a

column with KOH-impregnated silica. r-Alkanols were isolated by urea adduction.

The compounds of interest were analysed by gas chromatography (GC), gas
chromatography-mass spectrometry (GC-MS), GC coupled to a Finnigan MAT 252 isotope
mass spectrometer for compound-specific carbon isotope analysis (GC-irm-MS) and a
Carlo Erba CHNS 1108 analyser attached to a Finnigan MAT 252 isotope mass
spectrometer for bulk carbon isotopic measurements of total organic matter.

Isotopic ratios are expressed as &'"°C values in per mil relative to the V-PDB standard.
5"3C values of alkanols are corrected for the contribution of the trimethylsilyl group from
derivatisation. More details of the analytical procedures were described by
Rommerskirchen et al. (2003, Chapter 3).

Procedures and palynological methods for the analysis of pollen and spores are
described in Dupont and Wyputta (2003). Data here are given for total pollen, fern spores,
sum of pollen from C; plants (mainly woody plants), and the pollen taxa Restionaceae
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(cape reeds), Asteraceae (composites), Poaceae (grasses), Cyperaceae (sedges, rushes,
papyrus etc.) and periporates (includes pollen of T7ribulus, Caryophyllaceae,
Chenopodiaceae and Amaranthaceae).

4.4 Results

4.4.1 Simplified phytogeographical units of southwest Africa

Modern phytogeography (White, 1983; Cowling et al., 1997) combined with isotope
data of individual species (Dowton, 1975; Raghavendra and Das, 1978; Sage and
Monson, 1999) formed the basis of our C3/C, plant distribution assessment for the
Holocene (Rommerskirchen et al., 2003, Chapter 3). Werger and Ellis (1981) compiled
floristic inventories along two transects (North-South and West-East) through the arid
parts of South Africa. They showed that in deserts and semi-deserts the C; plant
contribution to the vegetation may exceed 60%. Savanna vegetation comprising C,
grasses and C; trees normally counts between 20 and 40% C, plant coverage.

In the extension of our broad brush assessment of Holocene C,/C; plant distribution to
the period of the Last Glacial Maximum, we have used the vegetation reconstructions by
Partridge et al. (1999) for southern Africa and by Dupont et al. (2000) and Ray and Adams
(2001) for West and central Africa, respectively. These reconstructions assume that
woodland and savanna dominated most of the Congo Basin and that rain forest only
remained along the rivers and in the mountains west of the Congo Basin (Fig. 4.2). Rain
forest refuges in West Africa are suggested by biogeography (Sosef, 1996) and marine
pollen studies (Dupont et al., 2000). Most of southern Africa would have been covered by
C,-rich grass savannas and deserts. Marine pollen studies suggest a shift of C3 vegetation
(depending on winter rainfall) northwards during the LGM (Shi et al., 2000, 2001). Also
grain size distributions suggest more humid conditions in the southwestern part of the
continent (Stuut et al., 2002, 2004). Stable oxygen isotope studies of the Stampriet aquifer
indicate cooler conditions and a penetration of Atlantic moisture into the continent at 24°S
and 19.5°E (Stute and Talma, 1998). Still, terrestrial pollen studies also indicate a cooler
(and less evaporative) climate in the Western Cape Province (Parkington et al., 2000), a
substantial northward extension of Cape vegetation could not be corroborated (Scott,
1989, 1994; Scott et al., 2004). Hence, we tentatively indicate the possibility of higher C;

plant contributions on the Great Escarpment during the LGM. CAM vegetation as indicated
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by pollen from succulents, with the possible exception of Senecio and other related
composites, is rare in the LGM records. CAM plants may have been of secondary
importance during the LGM (Scott, 1989, 1994; Scott et al., 2004).

Mean aeolian transport directions in Fig. 4.2 are indicated after seasonal clusters
(austral summer and austral winter) of 4-day back trajectories that were calculated on the
850 hPa standard pressure level using zonal and meridional wind components from two
time slices (Present Day and LGM) of the ECHAM3 atmospheric circulation model
(Dupont and Wyputta, 2003). The seasonally clustered trajectories average and highlight
the aeolian routes at the low-tropospheric pressure level (850 hPa) for terrestrial particles
to the location of marine sites. The trajectories modelled after two 10-year ECHAM3 model
simulations show remarkably little differences between those of Present Day and of the
LGM, which may be a result of insensitivities in the ECHAM3 atmospheric circulation

model.

4.4.2 Carbon number distributions and molecular carbon isotope signatures of
long-chain n-alkanes

Fig. 4.3a shows the distribution patterns of long-chain n-alkanes (7-Cy - n1-Csy) in the
extractable lipids of sediments from nine sites and in four time slices at each site. The
histograms are individually normalised to the most abundant homologue for each site and
time slice. Numerical data are compiled in Table 4.3a-d (page 127). With the exception of
the sites near the mouth of the Congo river (Sites 1 and 2), for almost all time slices the
highest mass accumulation rate (MAR; Table 4.3a-d) values occur at the ODP sites (Sites
1, 4, 6, 8), which are closer to the coast and in shallower water than the GeoB sites (Sites
2,3,5,7,9). The highest MARAk values (29-67 ug cm? kyr', sum of 7Cy; to 7+Ca3 odd-
carbon-numbered homologues) were found at Site 4 in the Angola Basin, which is the
closest site to the coast (60 km offshore) and has the shallowest water depth (738 m). All
GeoB sites south of the Congo Fan exhibit low -alkane accumulation rates in the order of
0.2 to 4.5 pg cm™ kyr‘1 in each time slice. Generally, glacial sediments have MARk

values higher by an averaged factor of two.

Fig. 4.2. (opposite) Simplified phytogeographical units of Holocene and Last Glacial Maximum
(LGM) in Southwest Africa (colour codes according to C, plant occurrence) and clusters of wind
trajectories of the austral summer (December, January, February; red arrows) and winter (June,
July, August; blue arrows) to the GeoB core sites (cf. Table 4.1). The wind fields used are after a
10-year sample for climate simulation of ECHAM 3 at 850 hPa isobaric level (for more details see
Dupont and Wyputta, 2003). The C, plant distribution for the Holocene is based on maps of White
(1983) and Cowling et al. (1997) and that for the LGM is based on maps from Partridge et al.
(1999), Dupont et al. (2000) and Ray and Adams (2001). C, plants are abundant in Southern
Africa, although their occurrence is patchy and difficult to generalise in terms of proportions relative
to C; plant abundance. Nevertheless, we suggest a tentative gross classification in four different
areas (see explanation of colour codes at the bottom of the figure).
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Fig. 4.3. North-South transect of histogram representations of a) the carbon number distributions,
accumulation rates (MAR: pg cm? kyr'1) and molecular carbon isotope signatures (6130 in %o
versus V-PDB) of long-chain n-alkanes, b) the carbon number distributions, accumulation rates
(MAR: g cm? kyr'1) and molecular carbon isotope signatures (6130 in %o versus V-PDB) of long-
chain ralkanols and c) pollen and spore accumulation rates (counts cm? kyr'1; note very low
abundance in Holocene data at site 9) and percentages in Holocene (MIS 1), Last Glacial
Maximum (MIS 2), Eemian (MIS 5e) and penultimate glacial (MIS 6a) deep sea sediments from
nine sampling locations in the Southeast Atlantic Ocean (cf. Fig. 4.1). Gaps in the data coverage of
molecular isotope values are due to too low concentrations for reliable analysis. n-Alkanol
distribution patterns with no molecular 3"°C values were quantified from the alcohol fraction after
liquid chromatography on KOH-impregnated silica column. All other ralkanol distribution patterns
were quantified from urea adducts of alkanol fractions. 109
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The carbon number maximum of the r+alkane distributions moves from n-C,g at the
northernmost sites to 7-Cs; further south for all time slices (Fig. 4.3a). In the Holocene, the
transition occurs in the Angola Basin at Sites 3 and 4. In all other time slices, the transition
is observed between the Congo Fan and Angola Basin sites. The values of the Average
Chain Length (ACL) of odd-carbon-numbered n-C,; to n-C3; alkanes (ACL,7.33) shows an
analogous trend to longer chain lengths from North to South for each time slice (Fig. 4.4a).
The ACL,7.33 values first increase southwards from about 30.0 at the Congo Fan to 30.8 in
the Walvis Basin and decrease again further south to about 30.2 in the Northern Cape
Basin. Generally, in the southern part of the transect we found higher ACL,7.33 values at
ODRP sites than for the adjacent GeoB sites. Compared to the interglacials Holocene and
Eemian, the n-alkanes from the LGM and MIS 6a sediments have higher ACL,;.33 values.
The transition from 7Cy-dominated alkane distribution patterns in the North to those
dominated by m+Cs;; further south is also apparent in triangular plots both for the
interglacials (Fig. 4.5a, page 114) and the glacials (Fig. 4.5b). The difference in the
relative abundances of the two n-alkane homologues separates the transect sites into two
groups. The n-C,; and n-Cs; homologues do not contribute to this separation. Like
previously reported for the Holocene data (Rommerskirchen et al., 2003, Chapter 3) the
latitudinal succession from the northernmost to the southernmost sites is largely
consistent for all four time slices. The offset between the group of the four northernmost
sites (Sites 1-4) and the southern localities (Sites 5-9) corresponds to the latitudinal gap in

sampling sites between Sites 4 and 5 (Fig. 4.2).

The Carbon Preference Index of the long-chain n-C,; to n-Cs; alkanes (CPly7.33) of all
samples in this study is significantly high. The CPl,;3; values range from 2.3 to 6.8 and
centre around 4.2; Table 4.3a-d). These values are typical for sedimentary hydrocarbons
derived from higher plant waxes (Collister et al., 1994). Pollution by thermally mature
hydrocarbons, which were generated in the past and then released into the environment
(e.g. Hovland and Judd, 1988, p. 275) may have partly contributed to the n-alkanes
studied. Especially at the southern sites, we found a trend to slightly lower CPl,;.3; values
with increasing age of the sediments. However, mass spectral analysis provided no

evidence of the presence of petroleum-type steranes and hopanes.

The stable carbon isotopic compositions (5'°C) of the individual odd-carbon-numbered
n-C,; to n-Cs3 alkanes are shown in Fig. 4.3a and listed in Table 4.4a-d (page 129). The
values are consistent with an origin of these components from higher land plants. For all
time slices we found a latitudinal trend of increasingly heavier 3'°C values from the Congo
Fan to the sites further south. Values for the three carbon number homologues n-C,;,

nCsz; and n-Css, relative to those of the n-C,y homologue, simultaneously become
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of carbon isotope data of ralkanes and r+alkanols (%o versus V-PDB).
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less negative in the transect from North to South down to the position of Site 6, whereas
there are slightly more negative values further south (Table 4.4a-d). Both increasing
ACL,7.33 values and a positive trend in 3'3C values over the N-S transect (Fig. 4.4a, Table
4.4a-d) can be explained by an increased contribution of C4 plant waxes. The r-C,9 alkane
is commonly most depleted in *C (Fig. 4.3a). To encompass the variability of data for
individual homologues we calculated the weighted mean averaged 5'°C values of the odd-
carbon-numbered n-C,; to n-Cs3 alkanes (613CWMA27_33, cf. Table 4.4a-d). For all time slices
we noted that heavier 3°Cywmaz733 Values occur at sites of higher ACL,;3; values
(Fig. 4.4a,e). Furthermore, glacial/interglacial changes in this study are illustrated by a
5" Cwwmazz.33 shift of up to 4%o to lighter values for the northern sites (Fig. 4.4e). The

difference becomes smaller at the southern sites and ultimately approaches 0%o.

4.4.3 Carbon number distributions and molecular carbon isotope signatures of
long-chain n-alkanols

The distribution patterns of long-chain r-alkanols (7-Cy to n-Ci4) are shown in
Fig. 4.3b. The MAR data exhibit a trend similar to that of the r+alkanes (Table 4.3a-d).
Except for the two sites at the Congo Fan the highest MAR values in each time slice were
determined at the ODP sites, ranging from 12 to 211 ug cm? kyr" (sum of 7-Cy, to n-Cs,
even-carbon-numbered homologues) with the highest values occurring at Site 4 in the
Angola Basin again. All GeoB sites south of the Congo Fan exhibit low r-alkanol
accumulation rates in the range of 0.08 to 4.5 ug cm? kyr". The MAR values are higher in

glacial (MIS 2 and 6a) than in interglacial sediments (MIS 1 and 5e) at each site.

The Higher Plant Alkanol index (HPA, Poynter and Eglinton, 1991) relates to the
expected preferential degradation of the r-alkanols compared to the more resistant
nalkanes during transport from the plant to the depositional site and during early
diagenesis (Cacho et al.,, 2001; Poynter et al., 1989; Westerhausen et al., 1993). At
interglacial times we found no N-S trend for the HPA index (Table 4.3a,c). But in glacial
times (Table 4.3b,d) the index appears to be lower for those sites farthest from the coast
and in deep water (Sites 5, 7, 9). It seems that the supply route of plant waxes into the
ocean sediments (i.e. transport distance especially for sites with dominant aeolian supply
of terrestrial organic matter) influences the sorting or the extent of preservation of the

different wax components.

The ralkanols show a high even-over-odd carbon number dominance (CPly.3;). The
CPlyy.3, values (n-Cy, to n-Cs, alkanols) range from 2.9 to 7.4 and centre at about 5.5
(Table 4.3a-d). The patterns are not simply unimodal, and some show a bimodal

distribution (Fig. 4.3b). The main maxima vary between the 7C,, and n-C;, homologues

112



4 - GLACIAL/INTERGLACIAL CHANGES IN SOUTHERN AFRICA

and centre around the 7-Co alkanol. Especially at the two glacial stages high amounts of
the n-Cs, alkanol give rise to a second maximum. The ralkanol distributions appear to be
envelopes of different overlapping patterns corresponding to contributions from different
groups of organisms. Possibly marine biota (such as copepods or algae) contributed
nalkanols from approximately 7-Cy, to 7Cos (Yunker et al., 1995; Mudge and Norris,
1997) which overlap with long-chain wax alkanols from higher land plants. The ACL,.3;
values of the alkanols (even n-C,; to 7+Cg3,) in Fig. 4.4b display a trend to longer chain
length from the Congo Fan to the Angola Basin in all time slices (cf. Table 4.3a-d). Further
south in the transect we do not find a consistent behaviour, except that the sediments from
the near-shore ODP sites (6 and 8) have lower ACL,,3, values than those from the
adjacent GeoB sites (5, 7, 9).

Like the ACL,y.3, values, the molecular 3"C ratios of the n-alkanols do not follow a
simple carbon number trend (Fig. 4.3b, Table 4.4a-d). The nCx and nCj; alkanols are
considerably more enriched in *C than the adjacent alkanols. Accordingly, we conclude
that the shorter-chain alkanols, particularly the isotopically relatively heavy n7C,, alkanol,
originate from marine biota. Consequently, we left out the 3"3C values of the n-C,, alkanol
from the C3/C, plant assessment. The high 3"3C values of the Cs, alkanol can probably
be attributed to dominant contributions from plants with the C, photosynthetic pathway.
3"C values for the 7Cog alkanol, when correlated with the weighted mean average of
those of the 24, 26, 30, and 32 carbon number homologues tend to become heavier in the
transect from North to South in each time slice, but not as clearly and reliably expressed
as the trend of the r-alkanes (cf. Tables 4.2 and 4.4a-d). The n-Cyg alkanol is commonly
most enriched in "?C. Heavier weighted mean averaged 3'°C values of the even-carbon-
numbered n-C,4 to n-Cs, mnalkanols (613’CWMA24_32; Table 4.4a-d) occur at sites of higher
ACL,.32 values for all time slices, but in contrast to the r-alkanes only in the northern part
of the transect (Fig. 4.4b,f). The same applies to the glacial/interglacial changes, where a
shift to lighter values is only observed at the four northernmost sites (Fig. 4.4f). Further

south there is no systematic difference between glacials and interglacials.

4.4.4 Pollen distributions

In Fig. 4.3c a selection of pollen data for the four time slices is given (numerical data
are listed in Table 4.5a-d, page 131). Accumulation rates of pollen and spores are highest
at Site 4 which is located nearest to the coast. Relatively rich in pollen and spores are the
sediments from Site 2 off the Congo River mouth receiving additional pollen and spore

load with the river. Sediment recovered at Site 8, located under a high-productivity
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Fig. 4.5. Triangular diagram representations of percentages of three odd-carbon-numbered
n-alkanes each for a) interglacial (MIS 1 and MIS 5e) and b) glacial (MIS 2 and MIS 6a) sediments.
Sample codes 1-9 refer to site numbers (cf. Table 4.1). Also plotted are wax r-alkane compositions
of some 35 C, grasses from South Africa (grey dots; after Rommerskirchen et al., in press, Chapter
2); the shaded area comprises the main cluster of these grass data.

upwelling area, is very rich in organic material. The high primary productivity resulting in
high export productivity facilitates particle transport (including pollen) through the water
column, and the efficient burial in the sediment guarantees that little post-depositional
degradation of pollen occurs.

A high relative abundance of fern spores was only found at the two northern sites
located closest to the fern-rich tropical rain forest. The absolute and relative abundance of
pollen from woody plants (C; plants, third bar in Fig. 4.3c) declines southwards with
minimum relative values at Sites 5 (20°S) and 6 (21°S). The abundance of pollen from
composites (last bar in Fig. 4.3c) increases both southwards and during the glacial stages
(MIS 2 and MIS 6a). The family of composites includes both C,, C; and CAM plants, and

many representatives grow in arid and semi-arid areas. Within the family, species of
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Senecio and related genera use the CAM metabolism. As far as is known, C,
representatives of the composites are not native in southern Africa. Cape Reed (C3) pollen
occurs only at the southern sites (fourth bar in Fig. 4.3c), and its relative abundance is
significantly higher during the glacial stages. Grass pollen percentages increase
southwards until 20-21°S (Sites 5 and 6; Fig. 4.3c, 4.6b). These percentages decrease
slightly again at 25°S (Site 8). Maximum relative values of grass pollen are higher during
interglacial stages (MIS 1 and MIS 5e). Pollen of sedges (Cyperaceae) in the interglacial
samples vary between 2 and 16% with little trend along the N-S transect (Fig. 4.3c, 4.6a).
However, sedge pollen percentages are higher during glacial stages, up to 28%, at the

northern sites (Sites 1-4). During glacial stages a clear N-S trend occurs for sedge pollen.

4.5 Discussion

This survey extends a previous study (Rommerskirchen et al., 2003, Chapter 3), which
was restricted to the Holocene, by comparing four time slices comprising the Holocene
(MIS 1), the Last Glacial Maximum (MIS 2), the Eemian (MIS 5e) and the penultimate
glacial maximum (MIS 6a). We employed pollen and spore counts, together with
abundance and compound-specific 5'°C measurements for the long-chain lipids extracted
from sediments at nine sites on a 5-30°S North to South latitudinal transect in the

Southeast Atlantic Ocean.

4.5.1 Temporal and latitudinal changes of aliphatic biomarker distributions and
carbon isotope signatures

The biomarker data in Tables 4.3a-d and 4.4a-d and in Fig. 4.3a,b and 4.4 show a
significant amount of common trends, both as a function of geological time and latitude,
but also some scatter. The inconsistencies appear to be related partly to the sampling
sites having different distances to the continent (see, e.g., the data for Sites 5 and 7
versus 6 and 8 in several of the graphs in Fig. 4.4). In addition the various biases listed in
the last paragraph of the Introduction will apply to the proxy parameters in this continent-
wide approach. To overcome some of the effects caused by smaller-scale influences we

have selected certain ratios and averages as outlined below.

Various plots of homologue ratios derived from the ralkane distributions (Fig. 4.3a)
have been tried, and we have chosen the Cs;3/(Cy9t+Cs3) ratio, for which the latitudinal
trends are shown in Fig. 4.4c, as reflecting best the alkane homologue patterns in C,

grasses of southern Africa (Rommerskirchen et al., in press, Chapter 2). There is a N-S
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trend of increasing chain length which levels off around Sites 5-8 and then decreases
somewhat to Site 9. It is driven mainly by the decreasing dominance of the n-Cyg in favour
of the n-C3; ~alkane. The ACL,;.33 parameter for the n-C,; to n-Cs; n-alkanes (Fig. 4.4a) is
probably the most representative measure of variations in the ralkane distributions, with
the values for glacial times being generally slightly larger than those for the interglacials,
except for Sites 8 and 9. The shift of the ACL,;.3;3 values from glacials to interglacials can
be ascribed to significant changes in the Cs- versus Cs,-dominated vegetation due to
climate change.

The weighted mean 3'°C values (5" Cwwaz7.33; Fig. 4.4e) show a very similar profile to
that of the ACL,7.33 values (Fig. 4.4a), becoming increasingly less negative from North to
South, steadying off at Sites 5 to 8 and then turning more negative at Site 9 for both
glacials and interglacials. However, the northern part of the interglacial plot has more

negative values (proportionally lower C, plant coverage) than in the glacials. The

Table 4.2. Linear correlation coefficients (r) of aliphatic biomarker and pollen parameters
for Holocene (MIS 1), LGM (MIS 2), Eemian (MIS 5e) and penultimate glacial (MIS 6a)
sediments from the South African continental margin. In all calculations values for Site 4
were not included due to the extremely high sedimentation rates (shallow water, near
shore site; cf. Rommerskirchen et al., 2003, Chapter 3)

Correlation parameters MIS1 MIS2 MIS5e MIS6a
ACLy7.33 versus 8 °Cywazzss ~ 0.88  0.90 0.78 0.59
ACLyy.3; versus 8 °Cywazssz  0.35 0 0.06 0.17
8"CwMa of 27, 31, 33 rralkanes VETSUS 8 °Cog pakane ~ 0-95  0.63 0.80 0.35
613CWMA of 24, 26, 30, 32 r-alkanols VEISUS 613028 rralkanol 0.82 0.48 0.24 0.69

5"Ciwmaz7.33 versus 8 Cwmazass  0.94 0.62 0.99 0.48

% C,4 of pollen versus ACL,7.33  0.51 0.31 0.64 0.68
% C, of pollen versus ACLys.3» 0.51 0.05 0.02 0.06
% C4 of pollen versus 8°Cywazz.ss  0.66 0.42 0.74 0.07
% C4 of pollen versus 8°Cymazs.sz ~ 0.70 0.65 0.81 0.50
% C4 and CAM of pollen versus ACL,7.33  0.88 0.80 0.62 0.82
% C4 and CAM of pollen versus ACL,,3,  0.41 0.06 0.02 0
% C, and CAM of pollen versus 8 Cywaz7.33  0.95 0.82 0.76 0.34
% C, and CAM of pollen versus 8 Cywazs.zz  0.92 0.67 0.82 0.50

116



4 - GLACIAL/INTERGLACIAL CHANGES IN SOUTHERN AFRICA

a) b) c) d)
%Cyperaceae pollen %Poaceae pollen %Periporates pollen %Asteroideae undiff.
pollen

W
=
[N
o
[6)]
]

Latitude [°S]

20°06'
21°05'

o o1 Site number

~

23°26'

8 25°30'

9 29°27

Fig. 4.6. Glacial and interglacial N-S transects of pollen percentages of a) Cyperaceae (sedges
etc.), b) Poaceae (grass), c) periporates (sum of mostly desert plants such as T7ribulus,
Caryophyllaceae, Chenopodiaceae, Amaranthaceae), d) undifferentiated Asteroideae. C4 plants
are among the tropical sedges, grasses, and desert plants. For Sites 3 and 4, due to almost
identical latitudes, averaged data were used for the trend lines, but the individual data points are
shown as well.

correlation coefficients (r°) for these two parameters are high for each individual time
horizon (Table 4.2). The behaviour of the individual homologues in terms of carbon
isotope signatures is noticeably different, with the 7-Cs3 alkane showing more constantly a
less negative value of about -26%o throughout the sites for the glacials, although not for
the interglacials (Fig. 4.3a, Table 4.4a-d). It is consistent with 7C33 being mainly derived
from the C, grasses (cf. Rommerskirchen et al., in press, Chapter 2). Our carbon isotope
data of the n-Cy9 alkane for the MIS 1 and 2 time horizons also compare well, i.e. within
ca. 1%o, with those of Scheful} et al. (2005) for his site GeoB 6518, which is close to our

Sites 1 and 2 though considerably nearer shore.

The differences in 3'°C values (A3'°Cy,,) between the 7-C,y alkane and the adjacent
homologues are shown in Fig. 4.7a. Especially at glacial times (MIS 2 and 6a), the
adjacent homologues are less *C-depleted than in interglacial times. This is also reflected
in higher correlation coefficients for interglacial times (MIS 1: 0.95, MIS 5e: 0.80) due to
similar 3"°C values of the adjacent alkanes (Table 4.2). This behaviour of n-alkane
homologues can be ascribed to i) overlaying of different distribution patterns from different
biosynthetic origins (C;, C, and CAM plants) of leaf wax components of the continental
vegetation, where C, plant waxes contain r-alkanes with a predominance of longer-chain
homologues, and ii) contributions of different types of vegetation on the adjacent continent
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due to glacial/interglacial changes. The occurrence of heavier 3"3Cwmaz7.33 values at sites
of higher ACL,;.33 values (Fig. 4.4a,c) can be ascribed to a N-S trend in the balance of

vegetation types (cf. also Rommerskirchen et al., 2003, Chapter 3).

There is more variability in the distributions of the r+alkanols (Fig. 4.3b) as compared
with those of the r-alkanes (Fig. 4.3a). One significant feature is the generally high
contribution of the 7C3, homologue (Figs. 4.3b, 4.4d). The ACL,,.3, plots (Fig. 4.4b) reflect
the variability of the distributions and are not easily interpreted in terms of N-S trends.
However, the interglacial and glacial plots are rather similar, indicating that the ralkanol
chain length is certainly driven by phytogeographical characteristics which behave
systematically in the same direction in all four time slices. The possible contributions from
marine organisms are not readily identified within the carbon number range selected for

calculation.

Sampling problems preclude &'°C data for the alkanols being available for every site
(Fig. 4.3b), but, in principle, each even-numbered long-chain homologue in the range
n-C,s to n-Cs, seems to have much the same *C content as the others in most samples
(Table 4.4a-d). The difference in 3"3C values between the 17-C,s alkanol and the adjacent
homologues is shown in Fig. 4.7b. As found for the 3"°C values of the 7-C, alkane at
glacial times (cf. Fig. 4.7a), the adjacent alkanol homologues are more *C depleted than
in interglacial times. Furthermore, the 7-Cs, alkanol in most cases has the heaviest 3°C
value. Presumably the 7-C3, homologue carries a strong contribution from the C, grasses
since we know from our survey of the grasses in southern Africa that the n7-Cs, homologue
is a major component of their ralkanol fractions (Rommerskirchen et al., in press,
Chapter 2).

The absence of any correlation between the ACL,,.35; values and the weighted mean
average of the carbon isotopic values (613CWMA24_32; Table 4.2) illustrates the independent
behaviour of these two parameters. But the 3" Cuwmazs.32 values become heavier from North
to South, just like the 3> Cywuaz7.33 values of the n-alkanes (Fig. 4.4e,f). This corroborates
the suggestion that the multimodal carbon number distributions are the result of multiple
origins of the ralkanols, e.g. from different types of biota (marine organisms and
terrestrial CAM, C; and C, plants). Compared to the interglacials, we found more positive
3"Cuwmazs.32 Values at glacial times in the northern part of our transect. Southwards there is

a tendency of the difference to disappear as observed for the n-alkanes (cf. Fig. 4.4e,f).

Instead of having two separate molecular isotope parameters for the input of C3 versus
C4 plant waxes to the oceanic sediments it is useful to have a single one. Thus, we

averaged the 3"Cuwwmazzss and 3°Cwwazese Values separately for glacials and the
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interglacials (Fig. 4.4g). We were encouraged to do so by the high correlation coefficients
of these parameters, particularly in the interglacials (Table 4.2). The resulting plots in
Fig. 4.4g show the same general trends as described before for the separate sets of

isotope data and compare well with the pollen data (see below).

4.5.2 Pollen signals

Because most savanna and desert grasses are C,4 plants, the grass pollen distribution
is an indicator of C, plant material which can be compared with that provided by the
isotopic signature of terrestrial biomarkers. However, only part - albeit probably a most
significant one - of the C, signature is accounted for by the grass pollen. In the equatorial
swamps, tropical sedges such as papyrus and others use the C, metabolism. In desert
and semi-desert areas numerous non-grassy herbs are C, plants, like T7ribulus, or
members of the Chenopodiaceae and Amaranthaceae. In Fig. 4.6a-c, we distinguish three
pollen types that contain pollen of mainly C, plants: Cyperaceae (sedges), Poaceae

(grass), periporates (Caryophyllaceae, Chenopodiaceae, Amaranthaceae, 7Tribulus).

CAM plants form an important part of the vegetation of south-western Africa. Pollen of
the most common CAM plants (succulent species of the Aizoaceae and Crassulaceae),
however, is rare, probably because they are not wind pollinators. CAM biosynthesis is also
used by Senecio species and related genera (family of composites). Unfortunately, their
pollen is not distinguishable from many other composites that belong to the subfamily of
the Asteroideae. The representatives of this subfamily that can be palynologically
distinguished use the C3; metabolism. They include the wild Camphor bush, which grows in
a wide variety of habitats, the Renosterbos, which grows at present in the upland areas of
the Cape provinces, and the colourful daisies of Namaqualand. Thus, within the group of
composites pollen, only the taxon ‘Asteroideae undifferentiated’ (Fig. 4.6d) contains pollen

from CAM species.

The Cyperaceae (sedge) pollen percentages along the N-S Transect are low at
southern latitudes, both in glacial and interglacial stages (Fig. 4.6a, Table 4.5a,b). They
are higher in the northern part during glacial times. The interglacial swamp forest of the
Congo Basin, which has little sedges today, might have been replaced by open swamps

with sedges and grasses during glacials. Poaceae (grass) pollen percentages are high at

Fig. 4.7. (opposite) Difference in 8°C values (A3'°Cyo) between a) the 7+C,e alkane and its
adjacent odd-carbon-numbered homologues and b) the n-C,g alkanol and its adjacent even-
carbon-numbered homologues for Holocene, LGM, Eemian and penultimate glacial MIS 6a
sediments. Values are given in %o versus V-PDB.

Symbols representing site numbers:
®-1 O0-2 ¥v-3 V-4 m-5 [-6 &-7 &-8 A-9 120
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latitudes between 10 and 20°S, they decline between 20 and 25°S, and they are very low
around 5°S (Fig. 4.6b). The interglacial pattern nicely follows the modern latitudinal
extension and position of the grass-rich savannas and open woodlands. A slight increase
in the open grassy vegetation is indicated by slightly higher grass pollen percentages in
the northern part of the transect during glacials. The southern part of the transect,
however, shows a decline in relative grass pollen abundance during glacial stages. This

decline, south of 20°S, probably reflects a retraction and/or northward shift of the savanna.

Significant expansion of desert and semi-desert vegetation particularly around 20°S
and further south during glacial stages is indicated by the high relative abundance of
periporate pollen (from T7ribulus, Chenopodiaceae Amaranthaceae, Caryophyllaceae;
Fig. 4.6c). Composites (Asteraceae) pollen percentages are low during interglacial times,
reaching maximum values around 25°S (Table 4.5a,b). Almost all composite pollen grains
belong to the undifferentiated Asteroideae (Fig. 4.6d), which include pollen from Senecio
and related CAM species. During glacials pollen of the undifferentiated Asteroideae
become more abundant at all sites south of 10°S. Between 20 and 25°S, percentages for

all composites rise, also those for C; plants in the composite family (Table 4.5a,b).

4.5.3 Comparison of biomarker and pollen data

Stable isotopes indicate an increase in C4 plant wax material during glacial stages for
all transect sites with the exception of the southernmost one (ca. 30°S) while the pollen
data indicate a differentiated response of the vegetation along the transect. Stable isotope
data indicate the largest change toward more C, vegetation in the northern part. Here the
grass pollen percentages increase slightly during the glacial stages, but those of sedges
(Cyperaceae) increase markedly (Fig. 4.6b). This rise in the relative abundance of sedge
pollen near the Congo mouth suggests an increase of open swamps at the cost of swamp
forests in the Congo Basin rather than an increase of grass savanna. Grass pollen
percentages suggest an increase of savanna around 12°S and a decrease of savanna at
and south of 20°S. Thus, the increase of C, wax components around 12°S (Fig. 4.4g) can
be attributed to a northward shift of the savanna. South of 20°S, the isotopic signature
does not change between interglacials and glacials (Fig. 4.4g), but the pollen data indicate
a shift to more desert and less savanna (Fig. 4.6). The strong glacial increase of the pollen
percentages of composites, particularly those of the undifferentiated Asteroideae
(Fig. 4.6d), might be attributed to CAM plants such as Senecio. Extension of the desert
during glacial periods would explain both the high C4 signature in the wax component

stable isotope data (Fig. 4.4d) and the relative decline in grass pollen and the increase in
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4 - GLACIAL/INTERGLACIAL CHANGES IN SOUTHERN AFRICA

periporate pollen from composites (Fig. 4.6b,c). The isotope data, other than the pollen
data in Figure 3c, do not support an expansion in C; or CAM vegetation from the Cape
northwards related to a postulated shift in the winter rainfall area during glacial periods
(Dupont and Wyputta, 2003).

A principal motivation for the present study has been our intention to derive an
approach to the estimation of the phytogeographical extent of C, vegetation on a broad
continental scale, because the competition between C; and C,4 plants mirrors important
climatic factors such as solar irradiation, temperature, carbon dioxide concentration in the
atmosphere as well as humidity and rainfall levels. Hence, assessing the percentage of C,
vegetation from measurements conducted in ancient sediments has a direct relevance for
palaeoclimate studies. From the organic geochemical and palynological data we derived a
couple of proxies related to the percentage of C, plant material arriving at the sites of
deposition. Using end member values of 3'°C signatures of r+alkanes and r-alkanols in C;
and C, plants (Rommerskirchen et al., in press, Chapter 2; cf. Rommerskirchen et al.,
2003, Chapter 3, for methodological aspects) we converted the averaged 3"Cwmaz7.33 and
3"Cuwmaza32 data in Fig. 4.4g into a percentage C, plants (Fig. 4.8c). Likewise, we added
the pollen data of those taxa which essentially all comprise C, plants (Cyperaceae,
Poaceae and periporates; Fig. 4.6a-c) and, additionally, the pollen of the same taxa plus
those of the undifferentiated Asteroideae which essentially comprise CAM plants

(Fig. 4.6d) to arrive at two different summed pollen parameters (Fig. 4.8¢e,f).

The pollen-derived sums compare well with the isotope-derived data (Fig. 4.8c-d). It is
remarkable how much the values of the estimates based on totally different sources
coincide. The pollen C,4 plant values must be an overestimate for the following reasons.
Firstly, the C, plants produce more pollen than most C; plants in the area. Secondly, the
groups that are used for the C,/CAM estimate contain C; species as well, but this problem
is ignored in this summation. Thirdly, part of the isotope estimate relates to CAM plants,
which should have an intermediate isotopic signature. Thus, as the pollen estimate for the
C, and CAM part of the total vegetation is almost certainly too high, the isotope estimates
must be also too high. One reason for a C, and CAM overestimate by the wax data may
be the higher production of waxes by drought resistant C, and CAM plants. Supporting
evidence for the validity of the approach, however, is the close similarity of the latitudinal
and temporal trends in the ACL,;.3; values based on the homologue distributions of the
long-chain aliphatic wax components (Fig. 4.8b) and the average of the calculated C, plant
percentages based on the isotope data (Fig. 4.8c); these plots, in turn, are not too different

from the profiles of the C, percentages based on pollen data (Fig 4.8d,e).

Some systematic differences of pollen versus wax data at Sites 1 and 2 can be

explained by the fact that more aeolian material is transported to Site 1 than to Site 2. This
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includes an abundance of Podocarpus pollen from the Angolan highlands, but little grass

pollen at Site 1, resulting in a higher C; value based on the pollen data.

There is a close connection between oceanographic conditions and continental climate.
Ocean surface temperatures have an influence on air temperatures and precipitation on
the continent as well as on the strength of the wind systems (e.g., Camberlin et al., 2001,
Lindzen and Nigam, 1987). Palaeo sea surface temperatures (SST) can be determined by
measuring the ratios of long-chain alkenones with different degrees of unsaturation in
marine sediments (e.g., Muller et al., 1998). The averaged values for interglacials and
glacials for the nine sites of our transect are shown in Fig. 4.8a. There is the expected
drop in temperature from North to South across the Angola-Benguela Front (ABF; Fig. 4.1)
into the cold Benguela Current System driving the upwelling regime off South Africa (see
the coast-parallel wind; Fig. 4.2a,b). The large sea surface temperature gradient over the
Angola-Benguela Front is the result of strong SE trade winds driving upwelling of cool
subsurface waters south of it, whereas north of it surface waters are heated by strong
intrusion of warm equatorial waters (Kim et al., 2003, and references therein). The thermal
gradient increases with increasing trade wind intensity. Also noteworthy is the systematic
temperature difference between the interglacials and the glacials of about 4°C on average
and slightly less in the very North than in the South. The plots quite obviously resemble
those of the aliphatic wax biomarker and pollen diagrams both in terms of latitudinal trends

and the offset between warm and cold stages.

In a recent publication, Scheful’ et al. (2005) assessed the African continental climate
in terms of aridity and wind regimes by determining a high-resolution SST profile and the
isotopic composition of terrestrial plant lipids for the last 20,000 yrs at two near-shore sites
in the eastern South Atlantic (5°35’S and 17°9’S). However, their investigation could not
deal with some of the complexities of the system which have become obvious in this and
our previous study (Rommerskirchen et al., 2003, Chapter 3). Even after investigating nine
sites along the Southwest African continental margin we see the need for wider areal
studies. This requires both a set of parameters which can be determined with an
acceptable effort, like the combination of molecular and isotopic data of higher plant wax
components in sediments, and a more solid taxonomic basis for the natural product
chemistry of waxes of representative higher plants as we have recently documented for
the grasses in southern Africa (Rommerskirchen et al., in press, Chapter 2).
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4.6 Conclusions

Mapping and profiling biomarker distributions and their isotopic compositions in
continental margin sediments can provide insights into the palaeophytogeography of the
adjacent continental areas. This information can in turn be utilised to infer regional and
continental-scale palaeoclimatic change. The present study has made use of two types of
biomarkers - long-chain ralkanes and rn-alkanols - as homologous series of biosynthetic
compounds derived from epicuticular leaf waxes of higher land plants. Their relative
abundances and &"°C values are interpretable on a compound-specific basis. The
information that can be drawn at present is limited to a broad assessment of the extent of
C; versus C, vegetation, which is not readily available in other ways. This information can
be strengthened by the interpretation of the distribution patterns and abundances of
spores and pollen in the same sediments, relating plant taxa also to the C; and C,
biosynthetic pathways. Our data provide a rather simplified view of the
palaeophytogeographic development in southern Africa for four time slices over the last
two glacial/interglacial cycles. This view is dominated by the large scale and variable
nature of the source areas and of the transport processes, which have a major averaging
effect on the fluxes of the lipids and pollen and their areal distributions. The aeolian input
is mainly dependent on the prevailing austral winter winds blowing from the East and

Southeast, which apparently operated in the glacials in the same way as at present.
Some salient conclusions are:

= For both glacial and interglacial times the latitudinal trends of ralkane and r~alkanol
distributions and their carbon isotopic signatures as well as pollen types display an
increase in the relative proportion of C, plant indicators from the latitude of the mouth
of the Congo River (5°S) to about 20-25°S and then a decrease further south. This is
true for the individual stages within the two pairs of glacial (MIS 2 and 6a) and
interglacial (MIS 1 and 5e) sample sets; due to this the averages can conveniently be
used to contrast cold and warm stages.

= The relative importance of the C,4 plant indicators is higher during the glacials than in
the interglacials in the northern part of the transect, indicating a northward extension of
arid zones favouring grass vegetation together with an increase of open sedge
swamps in areas of interglacial swamp forests. In the south, where grass-rich
vegetation merges into semi-desert and desert, the difference in C,4 plant indicators is
comparatively small. Among the biomarker parameters this development is displayed

by the chain length distribution of the ralkanes (ACL,7.33) in the same way as the
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averaged carbon isotope data of ralkanes and r-alkanols, whereas the ralkanol

chain lengths alone are less conclusive.

Selected single pollen type data reveal details of the vegetation changes like the
extension of the desert and savanna areas to the North in the glacials. The overall
picture, however, is best illustrated by summing the pollen known to predominantly

derive from C, plants or C4 plus CAM plants.

The C, plant signals in the aliphatic biomarkers are particularly controlled by the
abundance of their n-C3; and n-Csz; alkanes and their n-Cs, r~alkanol. The validity of
this conclusion is strongly corroborated by a study of the wax composition of a variety

of C4 grass species from southern Africa (Rommerskirchen et al., in press, Chapter 2).

The success of this approach warrants an areal extension of the study in order to
validate and further strengthen the method, so that it can be routinely applied in
palaeoclimatic assessments in this area and other epicontinental areas of the world

oceans.
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Table 4.3. Biomarker data.

Site Code Depth Age SST? ACLy7.33° ACLys.32” CPly7.3s° CPlays® HPA® MAR® MAR® MAR® MAR®
(cm) (ka) (°C) Cog CaCO; ALK' -OH?

a) Holocene (MIS 1)

ODP 1075A 1 55 50 239 2996 2668 35 42 077 64 11 35 14
GeoB 1008-3 2 13 20 240 2992 2686 48 50 068 44 17 53 13
GeoB 1016-3 3 4 10 245 3006 27.76 39 52 046 19 183 19 18
ODP 1079A 4 77 30 235 3028 2800 49 67 075 800 2830 29 93
GeoB 1028-5 5 20 40 222 3055 2769 45 40 064 21 350 05 1.0
ODP 1082A 6 37 38 184 3068 2763 43 74 072 170 3600 4.4 12
GeoB 1710-3 7 3 10 18.7 3054 2768 41 72 049 39 1780 09 15
ODP 1084A 8 55 53 181 3083 2693 54 71 074 400 9150 9.0 27
GeoB 1722-1 9 8 68 184 3045 2802 40 47 050 11 1250 02 03

b) LGM (MIS 2)

ODP 1075A 1 355 23 201 30.03 2709 47 46 063 140 67 15 27
GeoB 1008-3 2 220 19 215 3004 2740 49 53 058 110 15 30 45
GeoB 1016-3 3 112 18 211 3021 27.81 51 47 074 16 295 42 13
ODP 1079A 4 757 19 221 3063 2858 62 65 070 510 4110 32 81
GeoB 1028-5 5 95 20 159 30.70 2744 43 54 064 21 3590 05 1.1
ODP 1082A 6 237 21 159 3080 2677 44 7.0 060 300 2550 7.5 12
GeoB 1710-3 7 95 18 134 3065 27.04 51 6.7 065 84 1850 28 5.7
ODP 1084A 8 455 26 141 3085 2610 37 7.0 036 800 3220 22 39
GeoB 1722-1 9 24 17 170 3014 2698 24 29 019 04 900 05 0.1
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cont. Table 4.3. Biomarker data.

Site Code Depth Age SST® ACLy7.33° ACLys.a2” CPly7.35° CPlyy.® HPAY MAR® MAR® MAR® MAR®
(cm) (ka) (°C) Cog CaCO; ALK  -OH?°
c) Eemian (MIS 5e)
ODP 1075A 1 1879 126 246 30.09 2743 35 47 065 39 80 32 6.7
GeoB 1008-3 2 820 123 241 2993 2659 4.2 53 075 32 82 42 14
GeoB 1016-3 3 603 122 259 3035 2740 53 55 050 84 39 28 31
ODP 1079A 4 2943 127 227 3047 27.81 6.5 69 082 630 4120 32 160
GeoB 1028-5 5 394 121 211 30.37 2743 29 31 041 22 3030 06 05
ODP 1082A 6 1286 127 201 30.68 2659 43 63 059 240 3730 69 12
GeoB 1710-3 7 609 122 19.8 30.33 2759 3.2 61 044 14 2580 10 1.0
ODP 1084A 8 2633 124 19.0 30.60 25.41 2.5 62 057 920 1200 26 38
GeoB 1722-1 9 189 123 219 30.00 26.17 26 32 025 25 80 02 0.1
d) MIS 6a

ODP 1075A 1 1905 131 235 30.18 2759 43 44 065 63 260 73 15
GeoB 1008-3 2 881 135 241 2998 26.83 45 52 058 46 22 15 24
GeoB 1016-3 3 643 136 234 30.61 28.21 4.9 51 069 62 86 45 11
ODP 1079A 4 3223 137 229 3030 2812 6.8 62 075 690 4610 67 210
GeoB 1028-5 5 454 136 17.3 30.53 2765 238 33 049 35 540 0.2 02
ODP 1082A 6 1376 136 189 30.74 2610 35 64 036 340 3350 94 13
GeoB 1710-3 7 669 136 149 30.56 27.21 35 65 061 38 2540 15 29
ODP 1084A 8 2949 139 171 3043 2648 23 6.0 070 740 5630 26 69
GeoB 1722-1 9 210 137 161 3021 28.08 3.0 72 050 08 770 04 05

SST Sea-surface temperature (based on long-chain alkenones)
®ACLy7.33: Averaged chain length of r-alkanes (carbon numbers 27 - 33); ACL22.32: Averaged chain length of r-alkanols (carbon

numbers 22 - 32)
°CPly7.33: Carbon preference index of r+alkanes (carbon numbers 27 - 33); CPla232: Carbon preference index of r-alkanols (carbon
number 22 - 32)

HPA: Higher plant r-alkanol index (Poynter, 1989; Poynter and Eglinton, 1991)
°MAR: Mass accumulation rate (Corg, CaCQO3: mg cm’ kyr

ALK: Sum of n-Cy7, nCyg, n-C31 and n-Cs3 alkanes

9-OH: Sum of n-C22, n-Co4, n-Cas, n-C2g, n-C3g and n-Cs» alkanols

biomarkers: pg cm? kyr")
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cont. Table 4.4. Isotope data.
Site Depth Age 613Corga 612CWMA27-33b calc. %C49 613C27c 613C290 613C31c 613C330 613CWMA24-32b calc. %C4e 613C22d 613C24d 613C26d 613C28d 613C30d 613C32d

(cm) (ka)  (%o) (%o) (3"°Cwmazzzs) (%0) (%)  (%o)  (%o) (%o) (3°Cwmazazz) (%)  (%0) (%)  (%0)  (%o) (%)
c) MIS 5e
1 1879 126 -20.6 -30.9 33 -33.2 -32.7 -29.5 -28.3 - - - - - - - -
2 820 123 -22.6 -33.6 15 -33.0 -344 -33.0 -33.1 -33.1 18 -30.6 -345 -329 -331 -33.2 -29.7
3 603 122 -20.5 -29.3 44 -26.4 -31.8 -28.8 -27.9 -27.5 56 -29.8 -28.3 -28.0 -288 -29.2 -224
4 2943 127 -21.1 -27.7 55 -27.8 -29.6 -27.4 -25.6 -28.8 47 -27.9 -29.1 -289 -30.3 -30.2 -252
5 394 121 -223 -28.3 51 -28.5 -29.8 -279 -26.9 - - - - - - - -
6 1286 127 -20.5 -26.8 61 -26.3 -26.8 -27.8 -25.3 -25.2 71 248 -245 -249 -26.7 -27.0 -21.9
7 609 122 -20.7 -27.4 57 -27.1 -294 -269 -26.8 - - - - - - - -
8 2633 124 -19.9 -27.0 59 -31.0 -284 -269 -244 -25.8 67 -26.1 -242 -284 -259 -255 -23.7
9 189 123 -20.1 -29.8 40 -32.7 -29.7 -28.2 -30.3 - - - - - - - -
d) MIS 6a

1 1905 131 -19.9 -27.8 54 -29.6 -30.0 -27.0 -249 -26.0 66 -23.2 -27.2 -275 -275 -275 -20.7
2 881 135 -20.4 -30.1 38 -29.9 -32.2 -295 -26.5 -29.5 42 -27.2 -30.8 -30.2 -30.3 -30.3 -234
3 643 136 -19.6 -28.1 49 -33.0 -326 -26.6 -24.1 -23.8 81 227 -249 -26.2 -26.9 -264 -19.1
4 3223 137 -19.7 -29.4 43 -289 -31.6 -29.7 -25.0 -25.3 71 246 -266 -275 -26.8 -27.8 -20.0
5 454 136 -27.8 54 -32.2 -289 -27.0 -26.2 - - - - - - - -
6 1376 136 -20.4 -26.4 63 -25.0 -26.7 -27.0 -25.5 -25.1 72 235 -245 -262 -264 -259 -20.6
7 669 136 -20.2 -26.4 63 -29.5 -27.3 -252 -264 -24.7 75 -23.3 -234 -250 -27.7 -245 -211
8 2949 139 -18.1 -26.1 65 - -25.1 -26.8 -25.7 -26.3 64 249 -252 -282 -273 -27.3 -229
9 210 137 -20.8 -29.5 42 -31.4 -31.7 -28.2 -27.9 - - - - - - - -

- = no data due to low abundance

6513Corgi Stable carbon isotopic composition of total organic carbon

*5"Cwmaz7.33: Weighted mean average of molecular stable carbon isotopic composition of odd-carbon-numbered r-alkanes (carbon number 27 - 33) in %o versus V-PDB,;
3" Cwmaz4-32: Weighted mean average of molecular stable carbon isotopic composition of even-carbon-numbered ralkanols (carbon number 27 - 33) in %o versus V-PDB

° Molecular 3'°C of n-alkanes in %o versus V-PDB

4 Molecular 3'°C of r+alkanols in %o versus V-PDB (corrected for TMS)

® calc. %C4: Estimates are based on 5% C4 plants in the Congo area and a 5'3C value of C4 plants of -21%o
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Table 4.5. Pollen data.
—_ — ~ N
< @2 8 o 83 ®8 _g 8
T o2 88 3 88 38 2 3
58 28 88 £ Feo 28 3@ 7
. . £ 83 83 § 83 &3 a3 4 b ‘
Site Latitude Depth Age Pollen AR Spore AR Sum1® Sum 2
°S cm ka cnts/cnf/kyr cnfs/cnf/kyr % % % % % % % % % %
amis 1
1 -4.79 65 6.1 6,043 1,044 754 1.8 67 00 00 00 0.0 0.0 8.5 8.5
2 -6.58 25 3.5 12,986 8,713 39.8 6.8 85 00 04 00 04 0.0 15.3 15.6
3 -11.77 10 2.1 1,604 61 494 55 356 00 09 00 09 00 411 42.0
4 -11.93 67 3.2 361,034 32,515 447 157 219 00 26 00 09 03 37.9 38.8
5 -20.10 21 3.7 628 9 236 118 547 00 20 00 20 34 70.0 71.9
6 -21.09 84 8.3 9,170 630 143 71 579 43 129 14 46 76 72.6 77.2
7 -23.43 3.5 0.9 585 25 224 75 523 00 80 34 46 46 64.4 69.0
8 -25.18 51 4.9 12,206 436 20.7 83 462 21 207 55 124 69 61.4 73.8
9 -29,28 4.5 2.2 18 2 - - - - - - - - - -
b) MIS 2
1 -4.79 365 239 18,603 6,792 439 125 142 00 07 00 07 05 272 28.0
2 -6.58 215 18.5 404,572 115,012 328 279 146 00 05 00 05 05 430 43.5
3 -11.77 110 18.0 8,183 408 391 175 321 04 55 00 47 22 51.8 56.6
4 -11.93 747 18.4 517,625 25,286 208 162 485 00 74 00 23 17 66.4 68.7
5 -20.10 96 20.3 973 36 212 126 419 00 248 36 126 7.7 62.2 74.8
6 -21.09 177 17.5 16,810 369 210 91 495 22 231 00 121 741 65.7 77.8
7 -23.43 96 18.4 8,017 79 276 9.7 370 03 276 62 175 838 55.5 73.1
8 -25.18 453 258 42,604 0 338 29 273 14 410 94 288 7.2 374 66.2
9 -29,28 26 ~18 - - - - - - - - - - - -
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cont. Table 4.5. Pollen data.

2 29 82 58 & 7

g 83 3z s & S

S g% 55 F Bs 3 _3 3

3 %8 @8 3 §8 38 & 3

58 28 88 £ o 28 3@ g
. . €% 83 83 § &3 &3 =3 & b c
Site Latitude Depth Age Pollen AR Spore AR Sum1” Sum 2
°S cm ka cnfs/cnf/kyr cnts/cnf/kyr % % % % % % % % % %

c) MIS 5e
1 -4.79 1865 124 992 818 400 60 72 00 08 00 04 00 13.2 13.6
2 -6.58 825 124 8,182 5,604 355 118 80 00 04 00 04 0.2 20.0 20.4
3 -11.77 610 124 1,866 293 486 153 198 00 14 00 14 14 36.4 37.8
4 -11.93 2803 121 112,532 22,392 268 102 262 00 23 00 13 03 36.6 37.9
5 -20.10 395 121 232 39 6.1 122 653 00 41 0.0 20 0.0 77.6 79.6
6 -21.09 1283 127 24,419 1,031 143 37 660 40 112 06 13 741 76.9 78.2
7 -23.43 610 122 615 18 146 57 604 09 123 38 108 338 69.8 80.7
8 -25.18 2632 124 237,216 4,841 170 120 470 00 130 3.0 80 40 63.0 71.0
9 -29,28 190 123 - - - - - - - - - - - -
a) MIS 6a
1 -4.79 1915 132 16,918 3,406 584 95 127 00 05 00 03 0.0 22.2 22.4
2 -6.58 875 134 22,790 7,397 433 173 126 00 00 00 00 0.0 30.0 30.0
3 -11.77 642 135 7,083 480 241 224 407 00 54 00 52 1.3 64.4 69.6
4 -11.93 3413 147 354,882 34,205 143 181 451 03 30 00 27 03 63.5 66.2
5 -20.10 456 137 116 3 207 69 526 00 207 52 129 52 64.7 77.6
6 -21.09 1349 133 17,327 822 261 38 495 17 261 1.0 150 6.6 59.9 74.8
7 -23.43 670 136 6,164 82 239 111 320 00 291 49 222 1038 53.9 76.1
8 -25.18 2951 139 52,446 364 407 41 214 00 476 62 262 6.2 31.7 57.9
9 -29,28 211 137 - - - - - - - - - - - -

- = no data due to absence/low abundance of pollen.
@ Sum of pollen of Caryophyllaceae, Chenopodiaceae, Amaranthaceae, Tribulus
®Sum of periporates pollen and those of Cyperaceae, Poaceae
€ Ibid. plus pollen of Asteroideae undifferentiated
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5 - SUMMARY AND PERSPECTIVES

5 Summary and perspectives

In this thesis, the applicability of long-chain r-alkanes and r-alkan-1-ols as biomarkers
to deduce the C,4 plant contribution to the vegetation was evaluated. As a first step, the
plant waxes were analysed to validate the reliability of these components as C, plant
proxies. Furthermore, the applicability was proven in Holocene sediment samples from a
North to South transect along the southwest African continental margin. This transect
parallels distinctive phytogeographic zones from Cs-dominated vegetation types to C,-
prevailing vegetation. In combination with pollen analyses of the same sediments, with
known phytogeographic zones and known transport ways of organic material the
biomarker signatures were checked on an almost continental scale. The proven reliability
was then extended to reconstruct vegetation changes in the past during climatic variations

of recent glacial/interglacial changes.

C, grasses appear to be the most important source of C, biomass in the geological
record. Their distribution across the world in broad latitudinal belts is governed by climatic
conditions of dry and arid tropical and subtropical areas. The C; grass subfamilial
distribution is linked to the abundance of C, subtypes within them, which prefer different
habitats of annual rainfall patterns (Schulze et al., 1996; Taub, 2000; Wan and Sage,
2001). Grasses of the subfamily Chloridoideae or grasses containing the C4-PCK or
C4-NAD-ME subtypes thrive in extreme arid habitats. In such areas C; plants act with wide
open stomata to counteract photorespiration. This reduces their water use efficiency
dramatically. C, plants have more competitive success due to an adapted physiology, the
CO, concentrating mechanism. Generally, the C; versus C, relationship in tropical and
subtropical regions simply reflects the tree versus grass contribution to the vegetation. The
extension or regression of tropical grasslands and savannas may hold important regional

climatic information for the palaeoclimatic orientated scientist.

For validation, waxes of 35 C, grasses from the southern African grasslands and
savannas and of three C; grasses from Peru and Australia were analysed for their carbon
number distribution and stable carbon isotopic composition of long-chain ralkanes (/7+C,;
to nCss) and nalkanols (7~Cx, to n-Csp). The investigated subspecies were choosen
according to their abundance in southern Africa. Separated plant parts (flower, leaf, stem)
of two grass species exhibit different homologue patterns, but the compound-specific
isotopic composition seems to be unaffected. Significant amounts of shorter-chain
n-alkanes in flower heads may have affected the whole-plant biomarker signature.

n-Alkanol distribution patterns exhibited no systematics. The data are too limited to draw a
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general conclusion and further investigations are required. The distinctive distribution
patterns in plant parts may be the reason, why a chemotaxonomic relationship on a

species level of whole grass samples was not successful.

The lipid data were separated in several groups by averaging on a photosynthetic, on a
C4-subtype, and on a subfamilial level. At a preliminary state due to the limited number of
samples, the C; grasses mainly contain the 7-C,9 and 7-C3 alkanes and 7+Cy and n-Cyg
alkanols. Their averaged weighted mean &"°C values are -33.8%c and -26.7%o,
respectively. For comparison, waxes of angiosperm Cj trees collected in Japan and
Thailand contain mainly the 7Cy,9 alkane (Chikaraishi and Naraoka, 2003). They may
represent the second-most important group of biomarkers in the C; versus C, estimations.
Wax signatures of C, grasses are distinguishable from those of C; species by high
contents of 7-Cs; and n-Cs; alkanes and the abundance of the n7-Cs, alkanol, which is
largely absent in C; grasses. The dominant n-alkanes and r+alkanols in the C4 species are
each characterised by consistently heavier 3°C values of circa -22%.. Especially
chloridoid C4 grasses or the species containing the NAD-ME or PCK C,-subtype, which
thrive in extreme arid habitats, exhibited a longer averaged chain length of the wax
homologues. This suggested that these C, species are adapted to warm and dry tropical
environmental conditions by higher melting points of their waxes. Averaged bibliographic
data of n-alkanes and r-alkanols of grass waxes substantiated the obtained results for C;
and C, grass waxes. A hierarchical cluster analysis of bibliographic and the data of this
study exhibit nearly the same subfamilial separation for ralkanes compared to the
postulated evolutionary sequence of grass subfamilies (Clayton and Renvoize, 1986). The
rn~alkanol clusters coincide with the phylogeny of grasses (Grass Phylogeny Working
Group, 2001). An evolutionary adaptive role of leaf waxes appears to be certain but
requires further investigations. Overall, in terms of palaeoenvironmental studies of soils,
lake and marine sediments, the distribution and isotopic characteristics of ralkanes and
nalkanols constitute useful biomarker proxies for the Cj-dominated tropical and
subtropical grasslands.

Wax lipids may be provided to ocean sediments directly from vegetation by wind- or
river-transported plant detritus, by ablation, by natural and anthropogenic burning, and
indirectly by deflation of dust particles from dry pans and semi-desert areas. Seasonal
burning occurs in the investigation area, when savanna biomass, especially the grass
layer, is turned into highly flammable material during senescence of plants in the dry
season of the austral winter (e.g. Andreae et al., 1996; Barbosa et al., 1999). For
palaeoclimatic studies this implies that seasonality and mode of transportation of plant
material have to be considered. It has been reported that senescent grasses lose their

flower heads and this affects the ralkane signature of a whole plant (cf. Smith et al.,
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2001). Hence, airborne organic matter originating from grasslands may be depleted in
flower wax signatures. However, it is difficult to estimate the flower versus leaf biomarker
ratio, which is transported to oceanic sediments. This calls for caution in palaeoclimatic

assessments.

In southwestern Africa, offshore winds occurring during the austral winter season
coincide in time with seasonal surface fires and dust storms abrading leaf waxes. The
winds transport the generated aerosols and plant detritus to oceanic sediments. Hence,
airborne particulate material derived from the western and central South African hinterland
dominated by deserts, semi-deserts and savanna regions are rich in organic matter from

C, plants.

Near-surface, marine sediments of late Holocene age at nine core sites were recovered
during ODP Leg 175 and METEOR M6/6 and M20/2 cruises along the southwest African
continent from the Congo Fan to the Cape Basin. They were used to evaluate the land
plant signatures in marine sediments. Compound-specific isotopic signatures of long-chain
r~alkanes and n-alkanols can be correlated with concentrations and distributions of pollen
and spores taxa in the same sediments. Fluxes or accumulation rates of lipid and pollen
data are roughly proportional to each other and reflect common continental source regions
and transport processes. Higher values are seen at sites off the Congo River, at near-
coastal sites and at sites situated in the path of the aerosol plumes derived from the arid

and semi-arid areas.

n-Alkanes may be influenced by a contribution of petroleum hydrocarbons. The long-
chain ralkanols have the advantage of not being influenced. In the transect samples the
ACL values of nalkanes increase from 29.92 to 30.83 from North to South accompanied
by a shift towards positive 8'°C values from -35% to -25%0 and towards higher
percentages of C, plant pollen (approximately 7% to 60%). Similar trends are generally
evident for the isotopic data of r+alkanols, but not for their ACL values. The alkanol
patterns appear to be comprised of different assemblages of ralkanol envelopes,
corresponding to contributions from different groups of organisms (C,, C;, and CAM land
plants and marine biota). Generally, the molecular isotope signature of sedimentary lipids
is not as constantly distributed among the homologues as found for the C, and C; grasses.
This implies mixtures of C; and C, (CAM) plant wax signatures and a potential contribution
of aquatic organisms. C, plant estimates based on weighted mean &"°C values for
n-alkanes and r+alkanols parallel each other and those afforded by pollen counts. All show
a north to south trend. Lowest values were found in the region of the Congo, because
today’s Congo River catchment area is dominated by tropical rain forest (mainly Cs;
plants). The highest values occur off Namibia, where both temperature and aridity lead to

a dominance of grasslands and savannas. The increased C,4 plant contributions is
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probably related in higher contribution of grasses. Hence, the transect data of oceanic
sediments broadly parallel the present-day distribution of C; and C, vegetation of the

source areas of the adjacent continent.

The information archived in the Holocene transect was extended to the recent
geological history by investigation of sediment samples representing two glacial (Last
Glacial Maximum, MIS 2, and penultimate glacial, MIS 6a) and two interglacial stages
(Holocene, MIS 1, and Eemian, MIS 5e) from the same nine sites. Changes in continental
phytogeographic zones relating to warm and cold stages were reconstructed using the
same approach by lipid and pollen analyses. As it can be expected from the present and
glacial positions of phytogeographic zones, the carbon isotopic signature of the n-alkanes
and r+alkanol shows an enrichment of "*C from North to South. Distinct differences were
found in the patterns between glacials and interglacials. Generally, the latitudinal trends in
the lipid and pollen data exhibit the same trends from North to South in all four time slices.
The trends exhibit heavier 3"°C values accompanied by longer-chain homologues and a
higher C, pollen contribution. Glacial/interglacial changes are characterised by a shift of
up to 25% to higher C4 contribution in the northern part of the transect during glacial
stages. Southward, the glacial/interglacial differences decrease and become negligible at
the southernmost sites. Less Poaceae pollen and a higher contribution of C; pollen during
glacial stages suggest a regional northward shift of the South African C; vegetation. It is
inferred from these data that the open grass-rich vegetation on the southern African
continent shifted northwards during glacial stages. Desert and semi-desert areas
increased, and the winter rain vegetation occurred much further northward than during

interglacial stages.

Uncertainties may occur in the interpretation of the results of the sediment data. The
pollen assessments may be overestimated because C, plants produce more pollen than
most C; plants. Furthermore, the taxa used for the C,/CAM estimate contain C; species as
well. The interpretation of lipid data neglects the contribution of CAM plants, potential
contribution of aquatic organisms as well as stable carbon isotopic variations of the plant
signature due to interglacial/glacial cycles in 3"*CO, and pCO,. Another reason may be
the higher production of waxes by drought resistant C, and CAM plants. The potential
contribution from aquatic organisms is unclear, although several studies have reported a
low contribution of long-chain homologues to the investigated carbon-number range of
nalkanes and ralkanols (e.g. Stransky et al.,, 1968; Davis, 1968; Blumer et al., 1971;
Youngblood et al., 1971; Nishimoto, 1974b; Nichols et al., 1982; Nichols and Johns, 1985;
Chikaraishi and Naraoka, 2003). In this project an endmember of molecular carbon
isotopic composition of -35%o for C3 plants growing in a closed canopy and -20%. for C,

plants growing in open habitats is assumed in the assessment of C3/C, plant contribution
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by the source vegetation. However, a difference of 3.3%0 to more negative values were
reported within the same C; plant species when going from open to closed canopies
(Ehleringer et al., 1987; Ehleringer and Monson, 1993). Therefore, typically isotopic key
data for C; and C, plants growing in a savanna or forest vegetation are fundamentally
important in palaeoclimatic assessments. Subsequent investigations should elaborate the
mentioned lack of knowledge about source organisms contributing r+alkanes and
n~alkanols to the sediments and factors affecting the biomarker signatures. The results of
this project broadly suggest that a combination of lipid biomarker distribution, compound-
specific isotope proxies, and pollen data can be applied in the reconstruction of past

continental phytogeographic developments.
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7 Appendix

7.1 Supplementary data

Table 7.1. Mean annual temperature and precipitation data of selected stations in southwest Africa
(gathered from climatograms presented by Walter et al., 1975). The code referrers to numbers used
in Fig. 1.6, page 13, Fig. 1.7, page 16, and Fig. 3.8, page 90)

Code Station Country Latitude/ Mean annual Mean annual
longitude temperature precipitation
(C) (mm)
1 Mbandaka Dem. Rep. 0.1°N/17.1°E 241 2066
Congo
2 Kikwit Dem. Rep. 5.1°S/18.9°E 24.7 1923
Congo
3 Vila Luzo Angola 11.8°S/19.9°E 20.8 1116
4 Mongu Zambia 15.3°S/23.1°E 22.5 954
5 Livingstone Zambia 17.9°S/25.9°E 22.2 671
6 Windhoek Namibia 22.6°S/17.1°E 18.2 362
7 Tsabong Botswana 26.1°S/22.5°E 19.7 295
8 Mafeking South Africa 25.9°S/25.7°E 18.3 542
9 Keetmanshoop Namibia 26.5°S/18.1°E 20.8 133
10 Pofadder South Africa 29.1°S/19.4°E 18.5 95




Table 7.2. n-Alkane data of sediment samples studied: Location, depth, age, MIS, individual ralkane mass accumulation
rates in pg cm? kyr" and TCOC,7.35 values in pg cm? kyr™.

n-Alkane mass accumulation rate® (ug cm kyr™')
Depth | Age

Location (cmcd®) | (ka) | MIS®| 26 | 27 | 28 | 29 30 31 32 | 33 34 | 35 | 36  TCOCy.ss

ODP 1075A 55 5 1 10.20/0.53|0.26| 1.31 | 0.25 | 1.06 |0.33| 0.57 |0.06 |0.28 | - 3.8
355 23 2 |054/183/0.82| 567 | 1.05 | 467 |0.76| 2.32 |0.17|0.57 | - 81.8
1879 126 5e |0.21|/044|0.27 114 | 0.30 | 1.14 | 0.19| 0.53 |0.11|0.31| - 3.5
1905 131 6a [ 0.37/0.99/048 249 | 0.50 | 2.39 |0.44| 1.45 | 0.13/0.39| - 7.7

GeoB 1008-3 13 2 1 1022/0.66(0.33| 223 | 0.39 | 1.69 |0.26| 0.70 |0.08|0.25| 0.04 55

220 19 2 11141376 (1.73|11.82| 2.16 | 942 |1.32| 4.95 |0.48|1.71|0.20 31.7
820 123 5e |0.19/0.56|0.27 | 1.65 | 0.30 | 1.39 |0.28 | 0.56 | 0.09|0.20 | 0.05 4.4
881 135 6a |0.66|2.09|/1.01 6.02 | 1.15 | 4.61 1 0.70 | 2.44 | 0.290.75| 0.11 15.9

GeoB 1016 -3 4 1 1 10.14/0.29/0.17| 0.64 | 0.14 | 0.60 |0.09| 0.34 | 0.04 |0.11|0.02 2.0
112 18 2 /016/0.51/0.25| 143 | 0.26 | 1.52 |0.19| 0.77 |0.05|0.20 | 0.03 4.4
603 122 5e 10.09/0.32/0.14| 0.88 | 0.16 | 1.02 |0.15| 0.60 | 0.05|0.21 | 0.01 3.0
643 136 6a | 0.13/0.47/0.20) 1.13 | 0.28 | 1.70 | 0.27| 1.20 1 0.10|0.45 | 0.03 49

ODP 1079A 77 3 1 10.71/2.86(1.21|/10.19| 2.16 | 10.23|1.64| 551 |0.72|2.11| - 30.9
757 19 2 |0.73/3.05/1.18| 842 | 1.58 |11.43|1.40| 871 |0.59|3.23| - 34.8
2943 127 5e |0.74|280|1.13| 992 | 1.36 |11.75/1.60| 7.19 | 0.47|3.21| - 34.9
3223 137 6a |1.26|6.13|2.33/26.14 | 2.85 |22.822.49/13.82/0.89 5.00 - 73.9
GeoB 1028-5 20 4 1 10.03/0.05/0.03| 0.12 | 0.03 | 0.21 |0.03| 0.11 |0.01|0.03 0.5

95 20 2 |0.03/0.06/0.03| 0.11 | 0.04 | 0.25 |0.04| 0.13 |0.02|0.04 | 0.01 0.6
394 121 5e |0.05|/0.080.07 0.14 | 0.06 | 0.25 |0.04| 0.12 | 0.04 | 0.07 | 0.01 0.7
454 136 6a |0.02/0.03/0.02 0.05 | 0.03 | 0.09 1 0.02 ] 0.05 0.01/0.01] - 0.2
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cont Table 7.2. n-Alkane data of sediment samples studied.

n-Alkane mass accumulation rate® (ug cm kyr™)

Depth | Age
Site (cmed®) | (ka) | MIS®| 26 | 27 | 28 29 30 31 32 | 33 | 34 | 35 36 | TCOCuy.35°
ODP 1082A 37 4 1 10.15/043| 0.25 | 0.94 | 0.28 | 1.91 1 0.32| 1.10 |0.09|0.28| - 47
237 21 2 |0.27/064| 037 | 1.35 | 0.38 | 3.56 |0.66| 1.89 |0.15|0.45|0.07 7.9
1286 127 5e |0.33/0.77 0.62 | 145 | 044 | 3.10 |045| 1.60 (0.13|047| - 7.4
1376 136 6a |1.39/2.78 4.31 | 6.85 | 5.83 | 8.02 |4.00| 3.39 1 0.52|0.91|0.17 21.9
GeoB 1710-3 3 1 1 |0.07/0.11| 0.06 | 0.18 | 0.06 | 0.39 |0.06| 0.20 |0.03|0.05|0.01 0.9
95 18 2 10.13/0.25| 0.12 | 0.61 | 0.22 | 1.29 |0.12| 0.63 |0.07|0.14| - 29
609 122 5¢ |0.11/0.15/ 0.10 | 0.23 | 0.10 | 0.43 |0.07| 0.19 | 0.04 |0.08| - 1.1
669 136 6a |0.12/0.16, 0.11 | 0.35 | 0.12 | 0.70 |0.13| 0.33 |0.09/0.14| - 1.7
ODP 1084A 55 5 1 ]1031/0.71 035 | 1.59 | 0.37 | 445 0.66| 2.24 1 0.14|0.53|0.07 9.5

455 26 2 |5.03/9.40(14.88/21.81|17.14|22.11|9.59| 8.30 |1.02|1.36|0.27 63.0
2633 124 5e |1.10/2.59| 2.46 | 5.69 | 3.23 | 12.29/3.00| 5.60 | 0.41|1.32|0.12 275

2949 139 6a |1.85/3.23| 2.17 | 6.09 | 3.42 |11.65|3.76| 5.09 |1.57| - - 26.1
GeoB 1722-1 8 7 1 10.02/0.03| 0.02 | 0.05 0.02 | 0.12 |0.01| 0.04 | - |0.01| - 0.3
24 17 2 |0.06/0.09| 0.06 0.15 | 0.08 | 0.20 |0.05| 0.10 |0.05|0.03| - 0.6
189 123 5¢ |0.03/0.04| 0.03 | 0.04 | 0.02 | 0.07 |0.02| 0.03 |0.01|0.02| - 0.2
210 1378 | 6a |/ 0.05/0.06 0.04 | 0.09 | 0.04 | 0.14 |0.02 | 0.06 |0.03/0.03| - 0.4

@cmcd: Centimetres composite depth

°MIS: Marine isotopic stage

“Numbers according to individual -alkane carbon numbers

4TCOC,7.35: Total content of odd-carbon-numbered 7-Cy7 to 7-Cas alkanes in Mg cm? kyr'1
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Table 7.3. n-Alkanol data of sediment samples studied:

ng cm? kyr”" and TCEC,,.5, values in pg cm™ kyr™.

Location, depth, age, MIS, individual r+alkanol mass accumulation rates in

Depth | Age

n-Alkanol mass accumulation rate® (ug cm? kyr™')

Location (cmed®) |(ka) MIS®| 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31| 32 | 33 |TCECps°
ODP 1075A 55 5 1 10.18| 1.89 |0.69| 3.28 | 0.78| 2.50 |0.48| 2.19 | 0.38| 1.48 |0.41 | 2.17 | 0.55 13.5
355 | 23| 2 |0.14| 2.31 |0.90| 599 |1.32| 5.69 |1.16| 5.20 |1.05| 3.79 |0.79| 4.22 | 0.41 27.2
1879 |126 | 5e |0.05| 0.69 |0.19| 1.17 |0.29| 1.09 |0.28| 1.39 | 0.29| 1.25 |0.20| 1.15 | 0.15 6.7
1905 | 131 | 6a |0.08| 1.15 |0.42| 2.56 1 0.73| 2.89 |0.70| 3.22 | 0.63| 2.34 |0.52| 2.99 1 0.35 15.1
GeoB 1008-3 13 2 1 [0.10| 1.36 | 0.43| 2.62 |0.56| 2.78 |0.49| 2.60 | 0.43| 1.77 |0.34| 1.54 | 0.23 12.7
220 19 | 2 |0.19| 3.85 |1.18| 8.18 |1.78| 9.46 | 1.59| 8.66 | 1.49| 6.89 | 1.44| 8.41 | 0.65 455
820 |123| 5e |0.08| 1.54 |0.52| 3.28 |0.67| 3.13 |0.51| 3.03 | 0.45| 1.95 |0.29| 1.18 | 0.21 141
881 |135| 6a |0.12| 1.75 |0.81) 5.83 |1.19| 5.75 |0.93| 4.72 1 0.71] 3.02 |0.53| 2.84 1 0.22 23.9
GeoB 1016 -3 4 1 1 10.03| 0.19 |0.15| 0.21 |0.05| 0.28 |0.06| 0.46 | 0.09| 0.53 |0.14| 0.82 | 0.20 25
112 18 | 2 10.12| 1.22 |0.45| 1.88 |0.50| 2.22 |0.46| 2.50 0.46| 2.06 | 0.43| 3.17 |0.26 13.0
603 |[122| 5e |0.02| 0.37 [0.08| 0.44 | 0.11| 0.56 |0.09| 0.60 |0.12| 0.60 |0.08| 0.51 | 0.06 3.1
643 |136| 6a |0.08| 1.00 |0.32| 1.26 | 0.33| 1.53 |0.32]| 2.11 |0.36| 1.60 |0.35| 3.29 1 0.24 10.8
ODP 1079A 77 3 1 (047|6.74 |1.72|11.07 | 2.32|14.87 | 2.47 | 22.22 | 2.98 | 19.00 | 2.45|19.08 | 1.21 93.0
757 19 | 2 |0.26| 3.56 |1.25| 7.89 |2.35|12.31|2.37|18.23|2.44|15.181.98 |23.57 | 1.50 80.7
2943 | 127 | 5e |0.50| 8.96 |2.46|22.37|4.23|31.06|4.36|36.07|5.04|29.56 |3.89|28.98 2.17| 157.0
3223 | 137 6a |0.60/13.303.52|26.09 6.10/36.99 6.48 | 44.13|7.36/38.88|5.37|51.25/1.72| 210.6
GeoB 1028-5 20 4 1 [0.02| 0.11 |0.05| 0.13 |0.02| 0.13 |0.02| 0.20 | 0.08| 0.22 |0.04| 0.18 | 0.02 1.0
95 200 2 |0.01| 0.08 |0.04| 0.17 |0.04| 0.26 |0.03| 0.23 | 0.03| 0.18 |0.04| 0.17 | 0.03 1.1
394 |121| 5e |0.05| 0.06 |0.05| 0.06 | 0.02| 0.08 |0.02| 0.09 | 0.01| 0.07 |0.01 0.09 | 0.03 0.5
454 1136 | 6a | 0.01| 0.03 |0.01 0.02 0.01] 0.04 |0.02| 0.05 | 0.02| 0.06 |0.01| 0.04 | 0.01 0.2
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cont. Table 7.3. n-Alkanol data of sediment samples studied.

n-Alkanol mass accumulation rate® (ug cm? kyr™')

Depth | Age
Site (cmed?) | (ka) | MIS® | 21 22 | 23| 24 | 25| 26 | 27 | 28 | 29 | 30 | 31 32 | 33 TCECypsz"
ODP 1082A 37 4 1 ]0.12) 1.11 |0.26| 1.48 |0.29| 2.34 |0.32| 3.02 |0.34|2.49|0.26|1.94|0.20 12.4
237 21 2 /0.10| 1.20 |0.30| 2.65 |0.41| 2,96 |0.33| 2.71 |1 0.37/1.50|0.17/1.38 | 0.07 12.4
1286 | 127 | 5e |0.14| 1.49 |0.42| 2.31 |0.53| 2.70 |0.32| 2.47 |0.25/1.49/0.10/ 1.08 | 0.34 11.5
1376 | 136 | 6a |0.18| 2.08 |0.47| 3.38 |0.52| 3.00 | 0.31| 2.23 [0.39/1.14/0.11]1.22|0.47 13.0
GeoB 1710-3 3 1 1 |0.01 0.09 |0.05| 0.20 |0.04 | 0.23 |0.02| 0.11 |0.01/0.11|0.01/0.22|0.01 1.0
95 18 2 |0.06| 0.54 |0.15| 1.17 |0.19| 1.22 |0.14| 1.17 |0.15/0.71|0.11/0.87|0.17 5.7
609 122 | 5¢ |0.01| 0.11 |0.04| 0.12 | 0.03| 0.17 |0.03| 0.20 |0.03|0.21|0.02|0.17|0.01 1.0
669 136 | 6a |0.02| 0.22 /1 0.08| 0.52 [0.09| 0.67 | 0.08| 0.63 |0.09/0.41/0.06|0.42|0.02 2.9
ODP 1084A 55 5 1 |0.30| 3.38 |0.86| 5.29 |0.69| 5.59 |0.57| 5.20 |0.63 |4.07|0.59|3.780.33 27.3
455 26 2 |0.34| 512 |1.16/10.65|1.71| 8.88 |0.87| 7.17 |0.89|4.61|0.33|2.15|0.56 38.6
2633 | 124 | 5e |1.74|11.20|1.74| 8.09 |1.13| 7.77 |0.96| 5.69 |0.91|2.61|0.31|2.77|0.73 38.1
2949 | 139 | 6a [0.91/11.21/1.98|14.82/2.33/14.81/2.00/12.03/2.66|7.92/0.93|8.65/0.39 69.4
GeoB 1722-1 8 7 1 /0.01| 0.02 [0.01| 0.02 |0.01| 0.05 |0.01| 0.06 |0.01|0.04|0.01|0.07|0.01 0.3
24 17 2 /0.01| 0.02 |0.01]| 0.03 |0.01| 0.02 |0.01| 0.03 | 0.01/0.04 0.01/0.01| - 0.1
189 123 | 5¢ |0.01| 0.01 |0.01| 002 | - | 0.02| - | 0.01 - 1001, - 1002 - 0.1
210 1378 6a /0.01] 0.03 |0.01| 0.04 |0.01| 0.10 | 0.01| 0.11 1 0.01/0.080.02/0.10 0.02 0.5

@cmcd: Centimetres composite depth
°MIS: Marine isotopic stage
“Numbers according to individual /-alkanol carbon numbers
4TCEC,2.32: Total content of odd-carbon-numbered 7-Cz7 to 7-Cas alkanols in ug cm? kyr'1
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7.2 Photographs

Figure 7.2. Savannal/dry forest at the Baobab corner in Kaokoland (18°29’S 13°46’E). (left) Eugene
Marais, National Museum of Namibia, and (right) Lydie Dupont, Geosciences, University of
Bremen, Germany. [photo: Paul de Wilt, Namibia, April 2005]



Figure 7.3. Savanna at Omatjenni (20°25’S 16°19’E). [photo: Paul de Wilt, Namibia, April 2005]
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Figure 7.4. Kori Bustard in the mopane savanna of the Etosha National Park (18°45’S 16°56’E).
[photo: Paul de Wilt, Namibia, April 2005]



Figure 7.5. Dunes with Stipagrostis sabulicola (C, grass). Namib Desert near Sesriem (24°29’S
15°48’E). [photo: Paul de Wilt, Namibia, April 2005]

Figure 7.6. Welwitchia mirabilis in the Welwitchia Plain, Namib Desert (22°42’'S 14°57’E).
[photo: Paul de Wilt, Namibia, April 2005]



Figure 7.7. Namib Desert near Mirrabib (approx. 23°S 15°E). [photo: Paul de Wilt, Namibia, April 2005]

Figure 7.8. One of the very productive “Transect Crew” meetings at the Hanse-

Wissenschaftskolleg in Delmenhorst (Germany; 29" April 2004). From left to right:
Geoffrey Eglinton, Lydie Dupont, Jirgen Rullkétter and Florian Rommerskirchen.
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