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Abstract
Information on continental vegetation zones and climatic parameters can be 

derived from long chain n‑alkanes in marine geological archives. This thesis extends 
the potentially available informations by reporting the n‑alkane parameters (chain 
length distribution, stable carbon and/or hydrogen isotopic compositions) of plant 
species from southwest Africa and in sediments off southwest Africa in different 
approaches.

For the first part of the thesis, 41 C3 and 11 C4 plant species from the wood- and 
shrubland of Angola were analysed. Their n‑alkane data were combined with liter-
ature data available for C3 plants of the rain forest (north of Angola) and for C3 and 
C4 plants of the savannah (south of Angola). The combined database constitutes a 
continental transect and reveals an increase in the δ13C ratio of C3 plants towards 
the south. This increase is probably due to latitudinal changes of environmental 
conditions like water stress, light intensity and incorporation of recycled CO2. In 
addition, the distribution patterns of the n‑alkanes reveal an increase in the chain 
length towards the south for C3 and C4 plants. Climatic and environmental factors 
(mean annual temperature, aridity indices and a vertical temperature gradient) pos-
sibly controlling the carbon number distribution were correlated to the chain length. 
The results of the correlations are discussed.

The two subsequent studies investigate an isobathic transect of surface sediment 
samples from the southeast Atlantic (1°N to 28°S). One study evaluates how the 
n‑alkane chain length distribution and stable carbon isotopic composition reflect the 
adjacent continental vegetation. To estimate the C4 contribution to the sediments, a 
binary mixing equation was employed using different n‑alkane parameters as end 
member values for C3 and C4 plants. In southwest Africa, the vegetation changes 
from C3 dominated in the equatorial rain forest to C4 dominated towards the south. 
The calculated C4 abundance reflects the continental vegetation if long-range trans-
port by winds and rivers is taken into account. The four northern samples of the 
transect probably receive large amounts of aeolian material from distant locations 
and were excluded for further climatic deductions. The C4 abundances of the other 
samples correlate significantly with the mean annual precipitation and the aridity 
indices in the catchment areas. The subsequent study also deals with the isobathic 
transect and evaluates how the hydrogen isotopic composition of n‑alkanes reflects 
the δD composition of the continental precipitation. The δD ratios of the C29, C31 and 
C33 n‑alkanes vary only slightly among each other and along the transect. The total 
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δD variation of the precipitation is higher than the total δD variation of the n‑alkanes. 
The best correlations of the n‑alkane δD values with continental precipitation δD val-
ues at different distances to the coast were found for locations at 350 km inland. The 
correlations are similar if seasonal precipitation is taken into account. Despite the 
huge differences in environmental conditions and vegetation composition through-
out the transect, the apparent fractionation is largely constant. The evaluation of 
other n‑alkane parameters leads to the conclusion that the change of the δD com-
position due to the change of aridity is compensated by the concurrent δD variation 
due to the change of plant groups.

The last study of this thesis draws conclusions on the past vegetation changes 
in southwest Africa and contains implications on the influence of different climatic 
parameters on the past vegetation. Two sediment cores from the southeast Atlantic 
(12°S and 20°S) covering the current interglacial and parts of the last glacial were 
analysed for their n‑alkane parameters. The sampling location of the southern core 
is adjacent to a C4 dominated region and reveals a fairly uniform contribution of 
C4 material to the sediments during the last 23 ka. In contrast, the core at 12°S 
covering the last 73 ka indicates a C4 domination during the Last Pleistocene, a 
C3 domination during the Holocene and a gradual change of the vegetation during 
deglaciation. During deglaciation, the increasing atmospheric CO2 content corre-
lates well with the %C4 values. Compared to the Holocene, the last glacial is charac-
terised by lower pCO2 values, whereby C4 plants have an advantage over C3 plants. 
During the Late Pleistocene, smaller %C4 fluctuations were detected which do not 
occur simultaneously with Heinrich Stadials or Antarctic warming periods. Instead, 
the local insolation at the end of the growing season shows great similarities with 
the %C4 fluctuations. 
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Zusammenfassung
Informationen über die kontinentalen Vegetationszonen und das Klima kön-

nen aus langkettigen n‑Alkanen in marinen geologischen Archiven abgeleitet 
werden. Diese Dissertation erweitert diese potentiell verfügbaren Informationen, 
indem die n‑Alkanparameter (Kettenlängenverteilung, stabile Kohlenstoff- und 
Wasserstoffisotopenverhältnisse) von verschiedenen Pflanzenarten aus Südwest-
afrika und in Sedimenten des Südostatlantiks im Rahmen verschiedener Projekte 
analysiert wurden.

Der erste Teil dieser Dissertation befasst sich mit der Analyse von 41 C3- und 11 
C4-Pflanzen aus Baum- und Buschlandschaften von Angola. Die Ergebnisse wurden 
in eine Datenbank integriert, die bereits Daten von C3-Pflanzen des Regenwaldes 
(nördlich von Angola) und von C3- und C4-Pflanzen aus der Savanne (südlich von 
Angola) enthielt. Die erweiterte Datenbank stellt damit einen südwestafrikanischen 
Transekt dar und zeigt einen breitengradabhängigen Anstieg der stabilen Kohlen-
stoffisotopenverhältnisse der C3-Pflanzen an. Dieser Anstieg wird vermutlich durch 
verschiedene Umweltbedingungen wie Wasserstress, Lichtintensität und Aufnahme 
von CO2 aus mineralisierter Biomasse verursacht. Darüber hinaus steigt die Ketten-
länge der n‑Alkane in Richtung Süden für die C3- und C4-Pflanzen an. Klimatische 
und umweltbedingte Faktoren (Jahresmitteltemperaturen, Ariditätsindizes und ver-
tikaler Temperaturgradient) beeinflussen möglicherweise die Kohlenstoffzahlvertei-
lung und werden mit den Kettenlängen korreliert. Die Ergebnisse der Korrelationen 
werden diskutiert. 

Die zwei darauf folgenden Studien untersuchen einen isobathischen Tran-
sekt von Oberflächensedimenten des Südostatlantiks (1°N bis 28°S). Eine 
der Studien legt dar, inwiefern die Kettenlängenverteilung und die stabilen 
Kohlenstoffisotopenverhältnisse der n‑Alkane die aktuellen Vegetationszusam-
mensetzungen der benachbarten Gebiete auf dem Kontinent widerspiegeln. Der 
C4-Anteil in den Sedimenten wurde mit Hilfe der Endgliederwerte verschiedener 
n‑Alkanparameter für die C3- und C4-Pflanzen berechnet. Auf dem südwestafrika-
nischen Kontinent wechselt die Vegetation vom C3-dominierten Regenwald in der 
Region des Äquators zu C4-dominierten Gebieten in Richtung Süden. Der berech-
nete C4-Anteil in den Sedimenten spiegelt die kontinentale Vegetation wider, wenn 
der Ferntransport von Pflanzenteilen mittels Winden und Flüssen berücksichtigt 
wird. Die vier nördlichsten Sedimentproben enthalten vermutlich einen signifikanten 
Anteil an Pflanzenmaterial, welches von weiter entfernten Regionen stammt, und 
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wurden für klimatische Rekonstruktionen nicht berücksichtigt. Die C4-Anteile in den 
südlicheren Proben korrelieren signifikant mit dem mittleren Jahresniederschlag 
und den Ariditätsindizes der Ursprungsgebiete. Die weitere Studie zu dem isoba-
thischen Transekt bewertet, inwiefern die Wasserstoffisotopenzusammensetzung 
der n‑Alkane den Deuteriumanteil des kontinentalen Niederschlags widerspiegelt. 
Die δD-Werte der C29-, C31- und C33-n‑Alkane variieren nur leicht untereinander 
und im Verlauf des Transekts. Die Schwankung der δD-Werte des kontinentalen 
Niederschlags ist höher als die der n‑Alkane. Die δD-Werte der n‑Alkane werden 
mit den δD-Werten des kontinentalen Niederschlags in Gebieten mit verschiedenen 
Entfernungen zur Küste korreliert und zeigen die besten Korrelationen für Gebiete 
mit 350 km Abstand zur Küste. Wenn saisonaler Niederschlag mit einbezogen wird, 
sind die Korrelationen ähnlich. Trotz der großen Unterschiede der Umweltbedingun-
gen und der Vegetationszusammensetzung im Verlauf des Transekts ist die isoto-
pische Fraktionierung nahezu konstant. Unter Einbeziehung anderer n‑Alkanpara-
meter wird darauf geschlossen, dass die Veränderung der δD-Werte, bedingt durch 
die wechselnde Aridität, durch die Veränderung der δD-Werte kompensiert wird, die 
durch den Wechsel der Pflanzengruppen verursacht wird.

In der letzten Studie dieser Dissertation werden Rückschlüsse auf vergangene 
Vegetationsveränderungen in Südwestafrika gezogen sowie der Einfluss verschie-
dener klimatischer Faktoren auf die Vegetation untersucht. Dazu wurden zwei Sedi-
mentkerne aus dem Südostatlantik (12°S und 20°S), die das aktuelle Interglazial 
und das letzte Glazial abdecken, auf n‑Alkanparameter untersucht. Der südliche 
Kern erhält Pflanzenmaterial von den benachbarten, C4-dominierten Gebieten 
und zeigt einen recht einheitlichen Beitrag von C4-Material zu den Sedimenten 
während der letzten 23 ka. Im Gegensatz dazu gibt der Kern von 12°S, der die 
letzten 73 ka umfasst, Hinweise auf eine C4-dominierte Vegetation während des 
Jungpleistozäns, auf C3-dominierte Vegetation während des Holozäns und auf 
einen graduellen Wechsel der Vegetation während der Deglaziation. Während der 
Deglaziation korreliert der zunehmende atmosphärische CO2-Gehalt gut mit den 
%C4-Werten. Im Vergleich zum Holozän zeichnet sich das letzte Glazial durch nied-
rigere pCO2-Werte aus, die C4-Pflanzen einen Vorteil gegenüber C3-Pflanzen ver-
schaffen. Für das Jungpleistozän werden kleinere %C4-Schwankungen gefunden, 
welche nicht zeitgleich mit Heinrich Stadialen oder zu Zeiten Antarktischer Erwär-
mung stattfanden. Die %C4-Schwankungen zeigen dafür große Ähnlichkeit mit der 
lokalen Sonneneinstrahlung am Ende der Vegetationsperiode.
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1.	 Introduction
The deposition of organic matter in lacustrine or marine sediments provides a 

valuable archive of environmental conditions in their catchment areas. Insights into 
past and current climatic conditions are necessary to understand the factors influ-
encing climate and their consequences. This knowledge is needed to assess how 
the environment will react to climatic changes in the future. Today, studies on sedi-
mentary archives gain more importance with regard to the antropogenically induced 
changes in the climatic system and their effects (IPCC, 2013).

Valuable tools employed in palaeoclimatic studies are biomarkers. Biomarkers 
are compounds, e.g. in sediments, which are unambiguously linked to the organ-
isms they originate from (Rullkötter, 2003). To analyse past vegetation zones, long 
chain n‑alkanes have proven to be valuable biomarkers. n‑Alkanes are constituents 
of the outer wax layer of terrestrial plants. When entering the geological realm, 
they remain unaltered over long time scales. Sedimentary n‑alkanes can be linked 
to their terrestrial plant origin and, thus, serve as (bio-)markers for this specific life 
form. In order to derive pertinent information on past conditions from geological 
archives, the current vegetation and the relationship between present-day vegeta-
tion and sedimentary archives need to be studied. With this background knowledge, 
past climatic conditions can be reconstructed. For instance, the differences in the 
sedimentary isotopic compositions of n‑alkanes can be used to draw conclusions 
on the hydrologic conditions in the continental source areas of the n‑alkanes (e.g., 
Eglinton and Hamilton, 1967; Schefuß et al., 2005; Castañeda et al., 2009; Collins 
et al., 2011).

The African continent, especially its southwestern section, is an ideal investiga-
tion area for terrestrial n‑alkanes. There, the vegetation zones are arranged broadly 
parallel to the latitudes, and transport of terrestrial n‑alkanes to the sediments occurs 
mainly along zonal patterns (Dupont and Wyputta, 2003; Mayaux et al., 2004).

1.1.	 The photosynthetic pathways

Terrestrial plants are divided into three groups according to their photosynthetic 
pathways. All terrestrial plants fix CO2 through their opened stomata (Fig. 1.1). Inside 
the mesophyll cell, the CO2 is in chemical equilibrium with aqueous bicarbonate and 
is incorporated into the Benson-Calvin cycle (Fig. 1.1a). This cycle comprises three 
steps. At first, the CO2 is used to carboxylate ribulose-1,5-bisphosphate (RuBP) 
producing two C3 molecules (glycerate-3-phosphate). This reaction is catalysed by 
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the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Glycer-
ate-3-phosphate is further reduced to triose-phosphate (also a C3 molecule). In the 
third step, fructose-6-phosphate is formed and used to regenerate RuBP or to syn-
thesise starch and other carbohydrates. The so-called C3 plants use this way of CO2 
assimilation. As Rubisco is bifunctional, it also catalyses the oxygenation of RuBP. 
This process called photorespiration inhibits the carboxylase reaction. Thereby, the 
carbon assimilation can be depressed by up to 40% although losses vary highly with 
changing environmental conditions (Leegood, 1999b).

The C4 plants developed biochemical variations of the process used by the C3 
plants to prevent photorespiration by concentrating CO2 around Rubisco (Fig. 1.1b). 
C4 plants also use the Benson-Calvin cycle but preconcentrate CO2 before it enters 
the cycle. Therefore, C4 plants have two specialised cell types (mesophyll and 
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bundle-sheath cells) which together are known as Kranz anatomy. The mesophyll 
cells are reduced in size compared to C3 plants but the reactions occurring in the 
C4 mesophyll cells are viewed as a CO2 pump concentrating CO2 at the site of car-
bon fixation. In the mesophyll cells, CO2 is fixed by phosphoenolpyruvate carbox-
ylase (PEP-C) to yield a four-carbon acid. The acid is further reduced to aspartate 
or malate which are then exported to the bundle-sheath cells. A decarboxylation 
reaction releases CO2 which then enters the Benson-Calvin cycle. PEP-C is not an 
oxygenase and has a higher affinity for HCO3

- than Rubisco for CO2. Furthermore, 
the concentration of CO2 is kept up to 10- to 20-fold higher around Rubisco than in 
the mesophyll cells, and Rubisco is saturated with CO2. These adaptations not only 
lead to the prevention of photorespiration but also to higher rates of carbon assim-
ilation (Ehleringer et al., 1997; Leegood, 1999a; Keeley and Rundel, 2003; Tipple 
and Pagani, 2007).

Another variation of the C3 pathway also reduces photorespiration by concentrat-
ing CO2 around Rubisco (Fig. 1.1c). In the Crassulacean Acid Metabolism (CAM), 
the initial fixation of CO2 by PEP-C and the subsequent fixation by Rubisco in the 
Benson-Calvin cycle in the same tissue are temporally separated. The stomata are 
open at night when the temperatures and, therefore, water loss are reduced. CO2 
is converted to malic acid and stored in vacuoles. During the day, malic acid is 
decarboxylated to provide CO2 for the Benson-Calvin cycle. This process concen-
trates CO2 around Rubisco leading to up to 60 times higher daytime CO2 levels 
compared to ambient levels. However, CAM plants may also open stomata at day-
time and incorporate CO2 directly into the Benson-Calvin cycle (C3 photosynthesis). 
CAM plants are C3 plants as seedlings and the CAM pathway is first induced at the 
beginning of the dry season. Subsequently, many plants stay facultative CAM plants 
(Leegood, 1999a; Lüttge, 2002, 2004). 

1.2.	 The wax layer and its biosynthesis

The precursor compound class of the wax layer substances are fatty acids which 
are also part of the wax layer. The biosynthesis of fatty acids is a complex, repetitive 
cycle in which an initial acetyl group is elongated by a C2 unit and by further C2 units 
per subsequent cycle. When the acyl chain has a length of C16 or C18, it is released 
from the cycle as a fatty acid. At this length, the fatty acids are spatially separated 
depending on their need for membrane or wax synthesis. For wax synthesis, further 
elongation of the fatty acids is similar to the initial cycle. After elongation, the fatty 
acids follow the reductive pathway to yield, e.g., aldehydes or the decarbonylation 
pathway which leads to the formation of ketones or n‑alkanes (Kunst and Samuels, 
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2003; Shepherd and Wynne Griffiths, 2006). Due to decarbonylation, odd-numbered 
n‑alkanes are typical for land plants (Eglinton and Eglinton, 2008).

Long chain saturated hydrocarbons synthesised in this way are transported to the 
plant surface where they form a wax layer. The wax layer protects the plant against 
ultraviolet radiation, bacterial and fungal pathogens and reduces non-stomatal water 
loss (Kolattukudy, 1976; Kunst and Samuels, 2003; Shepherd and Wynne Griffiths, 
2006). The thickness of the wax layer is variable. Many plants react to higher irradi-
ation, lower temperatures or water stress with an increase in the wax layer thickness 
(Shepherd and Wynne Griffiths, 2006). In addition, the distribution pattern of the dif-
ferent compound classes and the carbon number distribution of substances within a 
compound class change due to the influence of environmental factors. 

1.3.	 Transport of waxes from the plant into the sediment

Waxes are removed from the plant surface by winds (e.g., during dust storms), 
leaf-to-leaf contact or the impact of rain drops. The plant waxes and their compo-
nents form aerosols by this abrasion or by biomass burning (Simoneit et al., 1988; 
Swap et al., 1996; Shepherd and Wynne Griffiths, 2006; Simoneit, 2006). In dry 
areas with loose soil cover, dust is easily eroded and transported by wind, but dust 
erosion is less important in forests (Chester, 2003). By wind abrasion, the plant 
waxes are transferred intact to the atmosphere whereas they may be altered during 
biomass burning (Simoneit, 2002; Schefuß et al., 2003a). During biomass burning, 
temperature, aeration and burn duration determine the molecular changes and the 
transformation of the organic material. Moist wood burns more slowly than dry wood 
because additional energy is needed to vaporise the moisture. Dry wood burning 
may cause oxygen-limited conditions. Thus, moist and dry wood burning may result 
in incomplete combustion and increased production of smoke (Simoneit, 2002). 
Smouldering conditions (<300°C) prevail in the rain forest while the vegetation in 
the savannah mainly burns under flaming conditions (>300°C; Simoneit, 2002). In 
general, the dryer the vegetation, the easier it starts to burn (Barbosa et al., 1999). 

In the atmosphere, particles of different origin and size become interspersed. 
Wind-blown dust and plant particles are coarser than particles from combustion pro-
cesses (ca. 10 µm and up to 2 µm in diameter, respectively; Chester, 2003). The dif-
ference in size leads to different residence times in the atmosphere. Particles with a 
diameter of >100 µm remain in the atmosphere for several minutes to several hours, 
small particles (<1 µm in diameter) up to several weeks. Thereby, small particles are 
commonly transported several thousands of kilometres. In general, the smaller the 
particles, the further they are transported (Morales, 1986).
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Aerosols travel with the prevailing winds and are removed from the atmosphere 
by gravitation or precipitation (Prospero et al., 1983; Simoneit, 2006). If the particles 
are transported towards the ocean and they reach the water surface, they coag-
ulate, which enhances their sinking velocity. Marine organisms may ingest these 
flocs and aggregate them into faecal pellets leading to even higher sinking velocities 
(Simoneit, 2006). Due to the high sinking rates of the flocs and the faecal pellets, 
ocean currents play a minor role in the dispersal of terrestrial material (Fischer and 
Wefer, 1996; Dupont and Wyputta, 2003).

In addition to aeolian transport, plant lipids may be transported by river water and 
deposited near the river mouth (Burdige, 2005). In southwest Africa, four large riv-
ers, the Ogooué, the Congo, the Kunene and the Orange, discharge into the Atlantic 
Ocean (Bremner and Willis, 1993; Gingele, 1996; Dai and Trenberth, 2002). In the 
sediments, long chain n‑alkyl compounds are relatively resistant against degrada-
tion and, over time, form an archive containing information on the adjacent continen-
tal vegetation (Cranwell, 1981).

1.4.	 n‑Alkane isotope composition

The carbon and hydrogen isotopic compositions of n‑alkanes are preserved 
during transport and in the sediments (Schidlowski, 1987; Schefuß et al., 2004;  
Sachse et al., 2012). Chemically, isotopes are indistinguishable, but the physical 
difference in atomic radii causes reactions or other processes to require slightly 
more energy if a heavier isotope is involved. Bonds between lighter isotopes are 
weaker than bonds between heavier isotopes causing light isotopes to react slightly 
more readily. The partitioning of isotopes between two substances or two phases 
of a substance with different isotopes is called isotope fractionation. Isotope frac-
tionation occurs by isotope exchange reaction and/or kinetic processes. Isotope 
exchange reactions (thermodynamic or equilibrium fractionation) are involved in 
reactions which are in equilibrium. These fractionations are temperature dependent 
leading to no isotope fractionation at very high temperatures and increasing frac-
tionation at lower temperatures. Thermodynamic fractionation leads to differences 
in the distribution of isotopes between reactant and product. Reactant and product 
are the same substances, but have final masses differing from their initial masses. 
Kinetic fractionation depends on the different reaction rates of isotopes and leads 
to differences between the heavy and the light isotope in reaction or transport rates. 
The kinetic effect results in an accumulation of the light isotope in the product and is 
normally associated with evaporation, diffusion or enzymatic reactions. In contrast 
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to thermodynamic fractionation, kinetic fractionation is irreversible or unidirectional 
and usually much larger than thermodynamic fractionation. The isotopic composition 
of a compound is expressed as delta (δ) value according to the following equation

δX = �
RX

RSt
 - 1�  × 1000 (‰) Equation 1.1

where RX is the isotope ratio of a sample and RSt the defined isotope ratio of a 
standard (Schidlowski, 1987; Hoefs, 2004; Sulzman, 2007).

1.4.1.	 Stable carbon isotopic composition

Natural carbon-containing materials comprise about 98.9% of the lighter carbon, 
12C, and 1.1% of the heavier carbon, 13C. The relative amount of 13C to 12C is 
called the stable carbon isotopic composition and is expressed as the δ13C value 
relative to the Vienna-Pee Dee Belemnite standard. C3 and C4 plants discriminate to 
a different degree against 13C allowing conclusions about the relative abundances 
of these plant types in past vegetation as derived from sedimentary biomarkers 
(Pancost and Boot, 2004).

The δ13C value of plant material depends on the 13C content of the carbon source, 
i.e., CO2, as well as the isotope effects during assimilation of CO2 and biosynthesis 
(Hayes, 1993). The 13C content of CO2 varied over time but during the Pleistocene 
the variation was minimal (Pancost and Boot, 2004). Different effects cause frac-
tionation of 12C and 13C in terrestrial plants. At first, CO2 enters the plant cell via 
diffusion, dissolves and is converted into HCO3

- (Fig. 1.1). For C3 plants, this causes 
a fractionation of about 4.4‰. The fractionation in the following enzymatic fixation of 
CO2 by RuBP is larger and leads to a fractionation of about -20 to -40‰ (Fig. 1.1a). 
This fractionation is mainly responsible for the δ13C value of C3 plants (Schidlowski, 
1987; Hayes, 1993). Additionally, local, environmental and plant specific factors may 
alter the δ13C values of C3 plants (Arens et al., 2000). These factors and the effects 
on the carbon isotopic composition are summarised in Table 1.1.

For C4 plants, the dominant effect of fractionation is the diffusion of CO2 into the 
cell. The enzymatic fixation by PEP-C only leads to a small fractionation (-2 to -3‰, 
Fig. 1.1b; Schidlowski, 1987; Hayes, 1993). No further fractionation would occur if 
the bundle sheath cells were gas tight but some CO2 and HCO3

- likely leaks into the 
mesophyll cells. The extent of leakiness determines to which extend fractionation 
occurs by Rubisco (Farquhar, 1983; Farquhar et al., 1989). 

The different isotopic discrimination leads to δ13C values for the entire plant mate-
rial in the range of -23 to -34‰ and -6 to -23‰ for C3 and C4 plants, respectively. 
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CAM plants use both, PEP-C and Rubisco, to fix carbon (Fig. 1.1c) and, thus, their 
carbon isotopic composition spans the ranges of C3 and C4 plants (-10 to -33‰; 
Schidlowski, 1987). During biosynthesis, the synthesised lipids become more 
depleted in 13C. This leads to more negative δ13C values for the n‑alkanes by 3.6‰ 
on average compared to the total leaf surface lipid extract (Monson and Hayes, 
1980; Collister et al., 1994). The δ13C ranges of C3 and C4 plants do not over-
lap, which renders the stable carbon isotope ratio the most widely accepted tool to 
determine if organic material in sediments originates from either C3 or C4 plants. 
However, CAM plants may disturb the reliability of these assessments. But the dis-
tribution of CAM plants today is sparse and usually limited to ecological niches. For 
most investigation areas, it is unlikely that CAM plants bias these assessments. In 
geological archives, leaves and their features (such as Kranz anatomy) are seldom 
preserved but morphologically degraded material is omnipresent. Marine and lacus-
trine sediments contain a mixture of marine and terrestrial organic material. There-
fore, bulk parameters are not used to distinguish between C3 and C4 plants. Instead, 
specific biomarkers, like long chain n‑alkanes, which are derived mainly from land 

Table 1.1: The influence of ecological conditions on the carbon isotopic composition of C3 plants 
(δ13CP, adopted from Arens et al., 2000).

Factor Effect on δ13CP Ecological conditions
Osmotic stress +3 to +10‰ High-salinity soils, extreme at high pCO2

Reduced pCO2 with 
altitude

+3 to +7‰ High mountains

Water stress, low 
relative humidity

+3 to +6‰ Arid and semiarid climate

Growth form and 
deciduousness

-3 to +3‰
Variation between trees, forbs and 

grasses and between evergreen and 
deciduous species

Seasonal variation -2 to +2‰
Strongest effect in semiarid and arid 

climate
Age of the plant 

(juvenile vs. adult)
-2‰  

in juvenile plants
Seedling or sapling vs. reproductive 

individual

Sun vs. shade leaves
-1 to -3‰  
in the sun

Variation due to position in the canopy 
relative to direction of sun

Low temperature -3‰
Polar regions during ice house times, 

high altitude
Low nutrients -4‰ Nutrient-poor soils

Recycled CO2 -1 to -5‰
Within closed canopies or where soil 

outgassing is high (boreal forest)
Low light -5 to -6‰ Forest understory
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plants, are used for such investigations (Pancost and Boot, 2004).

1.4.2.	 Stable hydrogen isotopic composition

Hydrogen has two stable isotopes. The abundance of protium (1H) is 99.98% while 
that of deuterium (D) is 0.02%. δD ratios are expressed relative to Vienna-Standard 
Mean Ocean Water (V-SMOW; Hoefs, 2004). The different factors influencing the 
δD composition of plants are summarised in Fig. 1.2. The main hydrogen source for 
plants is soil water which in turn is derived from precipitation. The hydrogen isotopic 
composition of precipitation is highly variable but mainly depends on isotope fraction-
ation during evaporation and condensation. Three effects mainly alter the δD content 
of the precipitation. If water evaporates the vapour is depleted in D. But if the vapour 

condenses and precipitates the 
precipitation is isotopically heav-
ier than the vapour. In a series of 
precipitation cycles precipitation 
becomes progressively lighter. 
Air masses lose moisture over 
the continents leading to lighter 
precipitation further inland (con-
tinental effect). The temperature 
effect is relevant in regions out-
side the tropics where the tem-
peratures are highly variable. At 
cooler temperatures, the isotopic 
fractionation between vapour 
and water is higher. In tropical 
regions with a high seasonal-
ity of precipitation, the amount 
effect leads to isotopically lighter 

precipitation at higher precipitation rates (Sachse et al., 2012). This effect is asso-
ciated with several processes. As air rises and cools to saturation, condensate falls 
through other droplets that formed below and exchanges with them. The droplets 
can grow larger by taking on more vapour as they fall. When the droplets exit the 
cloud they can evaporate into dry air. Thereby, isotopically light isotopes vaporise 
preferentially and the remaining liquid is heavier. In addition, the droplets exchange 
with vapour in unsaturated air below the cloud. The liquid becomes more enriched 
in the heavy isotope. The probability of encounters between falling droplets and 
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Fig. 1.2: Factors influencing the δD composition of sedi-
mentary lipids (after Sachse et al., 2012).
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vapour is higher in humid air. Thus, evaporation and exchange lead to heavier gen-
tle tropical rain. Although the amount effect is considered a tropical effect it occurs 
to a lesser extent also at mid-latitudes in summer (Sharp, 2007).

The isotopic composition of soil water and groundwater largely reflect the isotopic 
composition of the precipitation. Due to surface soil evaporation, the composition in 
the upper part of the soil may be altered especially in arid climates. However, plants 
in these regions often have deep roots and take up water from deeper parts of the 
soil water or groundwater which are isotopically unaltered by evaporation (Sachse 
et al., 2012).

The isotopic composition of the source water remains unaltered during uptake of 
water by the root. The δD values of root water can be different from the leaf water due 
to transpiration or water loss from the leaves. During biosynthesis, the synthesised 
components become further depleted in D compared to leaf water. Biosynthesis 
involves enzymatic reactions where hydrogen is added, removed or exchanged and 
derived from different precursors with varying δD values. Therefore, each pathway 
of lipid synthesis leads to different δD compositions in the product. The lipids with 
the smallest δD variations compared to the source water are n‑alkyl compounds. 
Decarbonylation of n‑alkanoic acids leads to n‑alkanes which are more depleted 
in D (ca. 25‰) than their precursor molecules. The mechanisms leading to isotope 
fractionation are currently unknown. In addition, the influence of environmental fac-
tors like salinity, growth rate or light intensity altering the hydrogen isotopic com-
position of lipids are currently poorly understood (Chikaraishi and Naraoka, 2007; 
Sachse et al., 2012).

Despite the several alterations of the hydrogen isotopic composition of precipi-
tation, δD values of lipids from terrestrial plants primarily depend on the mean pre-
cipitation δD values. In sedimentary records, the hydrogen isotopic composition 
remains unaltered compared to the plant material at lower temperatures. The n‑al-
kane δD values span ranges between -100 and -300‰ (Sachse et al., 2012). The 
δD values of n‑alkanes are used to deduce past hydrological variations. In sediment 
samples from the Congo Fan spanning the last 20 ka, δD values of n‑alkanes were 
interpreted to indicate wetter or drier continental contitions (more negative and more 
positive δD values, respectively) which in turn gives insight into the changes of past 
atmospheric circulation (Schefuß et al., 2005). Furthermore, n‑alkane δD values are 
used to record changes in mountain range uplift (Polissar et al., 2009). Mountain 
range uplift occurs over multimillion-year timescales, which makes it difficult to sep-
arate effects of changing climate and atmospheric circulation from changes in δD 
precipitation due to uplift. To account for this effect, coeval records from the foreland 
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to the mountain range are compared (Hren et al., 2010). However, due to the incom-
plete understanding of the relative importance of plant physiological versus climatic 
parameters in determing leaf-wax n‑alkane δD values, these studies are limited to 
qualitative interpretations (Sachse et al., 2012).

1.5.	 General distribution of C3 and C4 plants 

Today, the majority of terrestrial plant species use the C3 pathway. The CAM path-
way is used by ca. 6% of the plant species and the C4 pathway by approximately 
3%. Despite their low percentage among the plant species, C4 plants cover more 
than 35% of the Earth´s land surface. More than 50% of the C4 species belong to the 
grass family (Sage et al., 1999a,b). The C4 pathway occurs especially in tropical and 
warm temperate grasses and sedges wheras most temperate grasses, trees and 
shrubs are C3 plants (Sage, 2001; Eglinton and Eglinton, 2008). Due to their high 
water use efficiency, CAM plants thrive where water supply is limited. CAM is found 
in virtually all terrestrial plant growth forms and is common in desert succulents and 
tropical epiphytes (Keeley and Rundel, 2003). Approximately 60% of all epiphytes 
are CAM plants, and CAM species inhabiting tropical rainforest outnumber typical 
desert species (Lüttge, 2004).

The C3 pathway evolved 450 million years ago (Sage, 1999). At that time, the 
atmosphere contained very high CO2 and very low O2 concentrations (high CO2/O2 
ratio) compared to today. The efficiency of Rubisco was enhanced and photores-
piration was minimal. About 24 million years ago, the CO2/O2 ratio decreased to 
near-modern levels and the photosynthetic rate of C3 plants was reduced by pho-
torespiration. It is assumed that the C4 mechanism evolved during that time in order 
to enhance photosynthetic efficacy. As the C4 plant photosynthesis rate is not influ-
enced by photorespiration, C4 plants have an advantage over C3 plants under these 
conditions (Tipple and Pagani, 2007).

The main factors controlling the abundance of C3 and C4 plants are temperature 
and light (Sage, 2001). The rate of photorespiration in C3 plants is higher at high 
temperatures, aridity and high light intensities. To minimise water loss under these 
condition, C3 plants reduce stomatal width, which reduces the internal CO2 concen-
tration. In contrast, C4 plants are better adapted to these conditions. C4 plants have 
less open stomata but the same photosynthetic rate because of the high concen-
tration of CO2 around Rubisco. However, the C4 pathway consumes more energy 
than the C3 pathway. But when the rate of photorespiration in C3 plants rises, the 
energy cost of photosynthesis increases and may rise above that of C4 plants. Pho-
tosynthetic energy cost is equal for C3 and C4 plants at 25 to 30°C and lower for 
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C4 plants at >30°C. Thus, C3 plants have an optimal CO2 assimilation at lower tem-
peratures than C4 plants (Leegood, 1999a; Sage, 2001; Tipple and Pagani, 2007). 
Furthermore, C4 plants have a better water use efficiency because they preconcen-
trate CO2 and reduce stomata width, which leads to a minimised water loss without 
a drop in photosynthesis rate (Leegood, 1999a; Sage, 2001; Tipple and Pagani, 
2007). 

C4 plants outcompete C3 plants if they have access to moderate to high light inten-
sities (Sage, 2001). C3 and C4 plants have nearly the same rates of photosynthesis 
at low light intensities. If the light intensity increases, photosynthesis rates of both, 
C3 and C4 plants, increase, but rates for C4 plants increase more steeply than for 
C3 plants (Björkman and Berry, 1973; Björkman, 1976). C4 plants dominate where 
they receive at least 30 to 50% of full sunlight intensities but rarely occur in forest 
canopies where light intensities are <20% of full sunlight. Shaded environments are 
cooler and more humid so that C3 plants open their stomata more widely than they 
otherwise would allowing for higher CO2 levels inside shaded plants. Therefore, C3 
plants outcompete C4 plants at low light intensities (Sage, 2001).

On geological timescales, the atmospheric CO2 level is another controlling factor 
for the abundance of C3 and C4 plants. At lower atmospheric CO2 levels, the pho-
tosynthetic rate is reduced in C3 plants. In contrast, the photosynthetic rate of C4 
plants is unaffected by pCO2. Lower pCO2 decreases the cross-over temperature 
above which C4 plants have an advantage compared to C3 plants (Ehleringer et al., 
1997; Collatz et al., 1998). That means, at a constant temperature of, e.g., 20°C C4 
plants are favoured by a pCO2 of 200 ppmV and C3 plants by a pCO2 of 400 ppmV. 
But at 400 ppmV pCO2 and 35°C, C4 plants have an advantage compared to C3 
plants (Ehleringer et al., 1997).

A secondary factor which controls the occurrence of C3 and C4 plants is aridity. C4 
plants have a higher water use efficiency than C3 plants and, therefore, thrive in arid 
regions. In addition, fire is more common in arid regions. In contrast to C3 species, 
C4 grasses have tissues which protect them partly underground against fire. Fire 
kills or inhibits the growth of C3 plants which further promotes the dominance of C4 
plants in arid regions (Sage, 2001). 

The seasonality of precipitation is a factor influencing the C3 and C4 abundance 
in grasslands. Grasslands with cool-season precipitation are C3 dominated while 
C4 grasses are abundant in monsoon grasslands with summer precipitation. Other 
secondary factors favouring C4 plant abundance are low soil nitrogen or nutrient 
supply, moderate salinity or herbivory (Leegood, 1999a; Sage, 2001; Tipple and 
Pagani, 2007).
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In contrast to C3 and C4 plants, CAM plants tolerate drought on a daily or sea-
sonal basis and grow slowly. CAM is rather a strategy for stress survival but not for 
high productivity and dominance. Therefore, CAM plants do not compete with C3 or 
C4 plants for the same area but occupy ecological niches (Leegood, 1999a; Keeley 
and Rundel, 2003; Lüttge, 2004). Today, the competitive factors between C3 and 
C4 plants lead to a higher abundance of C4 plants in hot, high light and dry environ-
ments, like tropical and subtropical regions. 

1.6.	 Current climate and the distribution of C3 and C4 plants in Africa

The distribution of C3 and C4 plants on the southwestern African continent is 
related to temperature and atmospheric circulation because these factors deter-
mine the occurrence and length of the wet seasons (Fig. 1.3a,b). The Intertropical 
Convergence Zone (ITCZ) follows the maximum of solar heating. The ITCZ passes 
over large parts of Africa because Africa is located north and south of the equator. In 
northwestern Africa, the ITCZ remains north of the equator all year long due to the 
asymmetry of the West African continent. Above the Atlantic Ocean, a high-pressure 
area prevails throughout the year north and south of 20°N and 20°S, respectively 
(the North Atlantic Anticyclone, NAA, and the South Atlantic Anticyclone, SAA). Due 
to the pressure difference, the winds are roughly directed from the Atlantic anticy-
clones towards the ITCZ. The ITCZ separates the northern and southern wind sys-
tems, the North-East trades or Harmattan and the South-Western trades, respec-
tively. Another convergence zone, the Congo Air Boundary, separates the winds 
from the Atlantic and the Indian Ocean. Where the Congo Air Boundary and the 
ITCZ meet, a low pressure area prevails (e.g., the Angolan Low in the Southern 
Hemisphere; Philander et al., 1996; Gasse, 2000; Nicholson, 2000).

The ITCZ is followed by the so-called tropical rainbelt, a region associated with 
abundant rainfall. In the equatorial region, the ITCZ and the rainbelt pass twice a 
year leading to a humid zone with two seasonal rainfall maxima (Fig. 1.3c). The 
seasonality of the precipitation increases towards the South with summer rains and 
winter droughts. The precipitation of central and southwestern Africa originates from 
the SAA (Fig. 1.3a,b). During austral summer, the trade winds from the SAA and 
the West African monsoon system are directed towards the Angolan Low causing 
the summer rain. During winter, however, the SE trades are directed towards the 
ITCZ in the Northern Hemisphere causing winter drought in southwestern Africa. 
The precipitation over southern Africa is influenced by the warm Agulhas current. 
During austral summer, the moisture converges and causes precipitation (“winter 
rain”; Nicholson, 2000; Gasse et al., 2008). However, this view on the connection 
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of the West African monsoon system and the ITCZ is currently being re-evaluated 
(Nicholson, 2009, 2013). One important aspect is the possible dissociation of the 
ITCZ from the main region of precipitation. It is further suggested that local evap-
oration rather than moisture from the Atlantic is the main moisture source for the 
monsoon (Nicholson, 2009).

South of the tropics, the zonal patterns are altered by topographic and oceanic 
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influences which lead to an East-West asymmetry (Fig. 1.3d). The flat topography 
in the tropics enables moist air masses from the Atlantic to reach far into the East. 
But the highlands in East Africa and the Great Escarpment, a high altitude area in 
southern Africa, further south limit the flow of these air masses to extend further east 
contributing to the aridity in the hinterland. The Great Escarpment limits the inland 
penetration of “winter rain”. In the east, it intercepts moisture brought by the SE 
trade winds from the Indian Ocean (Gasse et al., 2008; Nicholson, 2000). The arid 
Namib Desert is located adjacent to a cold near-coastal ocean current (Fig. 1.3d). 
There, the cold water reduces the flux of vapour inland. The cold temperatures are 
due to several upwelling cells. The cells are located between 34°S to 15°S along 
the Benguela Coastal Current which flows from the southern part of the African con-
tinent towards the equator (Nicholson, 2000; Gasse et al., 2008). 

The decreasing precipitation from the tropics towards the south is accompanied 
by a decrease in mean annual temperature. The changes in temperature and pre-
cipitation are reflected in the zonation of the vegetation. Near the equator, where 
temperature and precipitation are high, tropical rain forest prevail. Further north 
and south, the vegetation composition is altered from woodlands via shrublands to 
grasslands. This means, the vegetation gradually changes from a continuous stand 
of trees with interlocking canopies via an open stand of trees or bushes to a land 
cover mainly consisting of grasses. These changes are characterised by a decreas-
ing woodiness (C3 plants) and increasing C4 plant abundance. However, in the win-
ter rain area of the southern part of Africa, C3 plants dominate again (Whittaker, 
1975; White, 1983).

1.7.	 Past conditions - globally and specifically in Africa

The current patterns of atmospheric circulation and vegetation cover differ from 
past conditions. During the last glacial and the Last Glacial Maximum (LGM, the 
period of maximum global ice volume, ca. 21 ka), the climate in most parts of Africa 
was cooler and dryer than today. During the LGM the mean annual temperature was 
ca. 3°C lower than today. Due to the lower temperatures, the NE and SE trade wind 
were stronger. Therefore, the movement of the ITCZ was probably contracted result-
ing in a position further south and further north during austral winter and summer, 
respectively (Frierson et al., 2007; Gasse et al., 2008; Collins et al., 2011). Along 
the western coast of southern Africa, the climate was wetter than today which was 
caused by a northward movement of the “winter rain” area (Chase and Meadows, 
2007). 

The temperature changes during different glaciation stages of the Quaternary are 
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due to glacial-interglacial fluctuations which are in turn caused by changes in the 
Earth´s orbital parameters. These orbital parameters are mainly obliquity (the angle 
of the Earth´s axial tilt), precession (rotation of the Earth´s axis) and eccentricity (the 
amount by which the Earth´s orbit deviates from a circle). These periodic parame-
ters mainly determine the amount of insolation reaching the Earth. During glacials, 
decreased insolation leads to a decrease in global temperatures and, thus, to a 
decrease in the atmospheric CO2 concentration and the build up of large ice sheets 
(Hays et al., 1976; Pierrehumbert, 2010). Due to their linear correlation, the con-
centration of pCO2 in air bubbles of ice cores gives insight into past temperatures 
(Barnola et al., 1987). In addition, the global ice volume is recorded in the oxygen 
isotopic composition of foraminifera found in sedimentary archives. The more H2O 
is stored in ice sheets, the heavier is the isotopic composition of the remaining water 
in the oceans. The foraminifera incorporate the δ18O of the water in which they live 
into their shells. However, water temperature and salinity also have an effect on the 
δ18O composition. These variances are globally more uniform in the deep ocean. To 
minimise effects of temperature and salinity on the foraminiferal δ18O value, benthic 
foraminifera are used for δ18O stacks. Stacks are averaged δ18O records from mul-
tiple sites and provide a global climate signal (Lisiecki and Raymo, 2005). 

During the last glacial (ca. 74 ka to 15 ka; Sanchez Goñi and Harrison, 2010) 
several climatic oscillations occurred. An example for a rapid climate change are 
Dansgaard-Oeschger cycles, which are characterised by warming followed by cool-
ing in Greenland. Some of the cold intervals are associated with Heinrich Events 
(Alley, 1998; Sanchez Goñi and Harrison, 2010). In the North Atlantic, debris of 
ice rafting in sediments (Heinrich layers) were found and associated with intervals 
of cooler temperatures (Heinrich Stadials; Heinrich, 1988; Broecker et al., 1992; 
Sanchez Goñi and Harrison, 2010). The cooler temperatures are a result of iceberg 
discharges in the North Atlantic. In the North Atlantic, cold and salty water sinks 
into the deep ocean (North Atlantic deep water formation). To substitute this water, 
surface waters from the tropics are drawn towards the North Atlantic. If the supply 
of fresh water, e.g., delivered by ice melt, is increased, surface waters are diluted 
and weaken the North Atlantic deep water formation (Alley, 1998). In this case, the 
drawing of tropical, warm waters from the Southern Hemisphere towards the North 
Atlantic is also weaker, leading to a cooling in the Northern Hemisphere. In contrast, 
the Southern Hemisphere is heated (Broecker, 1998; EPICA, 2006). 
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1.8.	 Motivation and outline of this thesis

Although research in the development of n‑alkanes as biomarkers and their 
use as indicator of vegetation distribution is widely validated, there are still several 
knowledge gaps. The n‑alkane parameter, especially their δ13C values for C3 and 
C4 plants, respectively, are used to deduce past vegetation distribution. For this 
purpose, the molecular δ13C values of n‑alkanes in waxes from C3 and C4 plants 
(end member values) are required. Rommerskirchen et al. (2006b) and Vogts et al. 
(2009) analysed plant species from southern and equatorial Africa. They compiled 
available literature data on the n‑alkane parameters to provide end member values 
for palaeoenvironmental studies. Here, plant species from Angola, situated between 
equatorial and southern Africa, were analysed to fill the geographical gap in south-
western Africa and to expand the database.

Sedimentary studies revealed inconsistencies which were related to the sedi-
ment material retrieved from different water depths. Here, surface sediments of an 
isobathic transect recovered off southwest Africa were analysed for their n‑alkane 
chain length distribution and stable carbon isotope composition. It was evaluated 
if  the n‑alkane  parameter reflect the current vegetation on the adjacent continent.

For the same isobathic transect, the hydrogen isotopic composition of the n‑al-
kanes and its connections to the δD composition of the continental precipitation 
were analysed.

In palaeovegetation studies, significant differences between the Late Pleisto-
cene and the Holocene in terms of C3 and C4 distribution in Africa were found (e.g., 
Rommerskirchen et al., 2003, 2006a; Collins et al., 2011). To gain insight into the 
mechanisms responsible for the local distribution of C3 and C4 plants during these 
time frames, two sediment cores from the southeast Atlantic covering the Holocene 
and parts of the Late Pleistocene were investigated.

This thesis aims to answer these outstanding questions:
- Is there a continuous trend of n‑alkane parameters for C3 and C4 plants from the 
rain forest via the wood- and shrubland towards the savannah?
- Which deductions are possible from the average chain length of the long chain 
n‑alkanes on climatic conditions?
- Do the n‑alkane parameters of surface sediments reflect the recent vegetation 
composition on the African continent?
- Can sediment-derived n‑alkane parameters and end member values from plant 
material be used to deduce vegetation composition in the catchment area?
- Which current environmental conditions (precipitation, aridity) control the vegeta-
tion composition?
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- Does the sedimentary n‑alkane stable hydrogen isotope composition mirror the 
hydrogen isotope composition of the continental precipitation?
- Does the apparent fractionation between the stable hydrogen isotope composi-
tions of lipids and precipitation depend on climatic conditions or on vegetation com-
position?
- Which climatic parameters are reflected by vegetation changes?
- Are single sample approaches (i.e., one sample per glaciation stage) representa-
tive?

1.9.	 Outline of the author´s contribution

The objectives of this thesis follow up on results and open questions in the theses 
by Florian Rommerskirchen (2006) and Angela Vogts (2011). This thesis contains 
four manuscripts which are published in, in revision after review, submitted to and in 
preparation for international peer-reviewed journals. This includes two first and two 
co-author manuscripts of the author of this thesis. In the following, the contribution 
of the author herself to each project is outlined, and a short summary of each man-
uscript is given.

1.9.1.	 Chapter 2: n‑Alkane distribution and stable carbon isotope composition in 
leaf waxes of C3 and C4 plants from Angola

This chapter deals with the analysis of the distribution of n‑alkanes and their car-
bon isotopic composition in plant samples from Angola. The author herself selected 
the samples, organised the cooperation and retrieved the plant leaf samples from 
the herbarium in Bonn (Germany). The samples were worked up by the author 
herself and scientific assistants as well as laboratory assistants were supervised 
by the author. The author interpreted the results, developed the manuscript con-
cept and wrote the manuscript. The author was supported by Angela Vogts (IOW, 
Warnemünde, Germany) and Jürgen Rullkötter (ICBM, University of Oldenburg, 
Germany).

In this project, 41 C3 plants and 11 C4 plants were analysed for their n‑alkane 
distribution and molecular carbon isotope composition. The samples originate from 
the wood- and shrubland located between the rain forest and the savannah. The 
n‑alkane end member database, a literature survey of n‑alkane data for vegetation 
reconstruction, was updated and the updated n‑alkane parameters are provided. 
The end member data do not change significantly when calculated with either the 
arithmetic average or the median. From the rain forest via the wood- and shrub-
land towards the savannah, the molecular isotopic composition of the C3 plants 
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becomes heavier, which is probably due to changing environmental conditions like 
water stress, light intensity and incorporation of recycled CO2. The n‑alkane chain 
length increases towards the south for the C3 and the C4 plants. For palaeoenvi-
ronmental studies, the chain length may not be a direct indicator for the vegetation 
distribution in contrast to the carbon isotopic composition. Instead, the chain length 
may be a parameter for the plant growth height or the tree abundance. 

1.9.2.	 Chapter 3: n‑Alkane parameters from a deep sea sediment transect off south-
west Africa reflect continental vegetation and climate conditions

This manuscript contains the analysis of the carbon isotopic composition of land 
plant-derived n‑alkanes and their distribution in an isobathic transect off southwest 
Africa. This project is a joint project of the theses by Angela Vogts (2011) and the 
author as well as the author´s diploma thesis. The samples were analysed by the 
author herself as part of her diploma thesis. Additional analyses (bulk parameters) 
were performed by technical assistants supervised by Angela Vogts. The initial 
interpretation of the results was part of the author´s diploma thesis. However, after 
her diploma thesis, the interpretation of the results was significantly expanded. The 
advanced interpretation of the results, the concept of the manuscript and the writ-
ing of the manuscript was conducted by Angela Vogts. However, the author was 
involved in all parts after her diploma thesis and took part in the further handling of 
the manuscript. In addition, Enno Schefuß (MARUM, University of Bremen, Ger-
many) and Jürgen Rullkötter (ICBM, University of Oldenburg, Germany) supported 
the development of the manuscript by discussion of the results.

Sediment samples from an isobathic transect off southwest Africa between 2°N 
and 28°S were analysed. The vegetation on the continent changes from C3 to C4 
dominated towards the south. This change is reflected by the sedimentary n‑alkane 
parameters. The chain lengths and the molecular stable isotope composition both 
increase towards the south and were found to be suitable parameters to estimate 
the C4 plant contribution to the sediments. The calculated C4 proportion in the sedi-
ments strongly correlates (i) with the C4 abundance in continental catchment areas 
postulated by wind trajectories and river systems and (ii) with the mean annual pre-
cipitation and aridity indices in selected catchment areas. 
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1.9.3.	 Chapter 4: Stable hydrogen isotopic composition of continental precipitation 
is reflected by δD ratios of land plant-derived n‑alkanes in marine sediments off 
southwest Africa

This chapter contains the interpretation of the hydrogen isotopic composition of 
the n‑alkanes of the isobathic transect off southwest Africa analysed in Chapter  3. 
This project is also a joint project of the theses by Angela Vogts (2011) and the 
author. The samples were worked up by the author herself as part of her diploma 
thesis. Angela Vogts analysed the hydrogen isotopic composition and wrote the 
manuscript. The author was involved in all aspects regarding the development of 
the manuscript including the interpretation of the results. Further suggestions were 
made by Enno Schefuß (MARUM, University of Bremen, Germany) and Jürgen 
Rullkötter (ICBM, University of Oldenburg, Germany).

The long chain n‑alkanes in sediment samples from an isobathic transect off 
southwest Africa between 2°N and 28°S (the same samples as in Chapter 3) were 
analysed for their δD composition. The δD values of the n‑C29, n‑C31 and n‑C33 
alkanes were compared to the modelled hydrogen composition of the precipita-
tion. The δD composition of the precipitation was modelled for continental locations 
along the postulated transport pathway of the plant material from the catchment 
area towards the ocean. For the δD values and the mean annual precipitation, the 
correlation coefficients are highest for locations with 350 km distance to the coast. 
Throughout the transect, the apparent fractionation between the n‑alkanes and the 
precipitation is fairly constant although continental aridity and plant life form change. 
Sedimentary n‑alkane hydrogen composition may be directly converted to the δD 
ratio of the continental precipitation but the vegetation composition should be eval-
uated concurrently. 

1.9.4.	 Chapter 5: Influence of Late Pleistocene and Holocene climate on vegetation 
distribution in southwest Africa elucidated from sedimentary n‑alkanes - differences 
between 12°S and 20°S

The final manuscript of this thesis draws conclusions on the vegetation distribu-
tion and the climate in southwest Africa during the Holocene and the last glacial. 
For this, two sediment cores (12°S and 20°S) were investigated for long chain n‑al-
kane distribution and their carbon isotopic composition. The author herself selected 
the samples for the southern core, organised the cooperation and retrieved the 
sediment samples from the core repository in Bremen (Germany). For the core at 
12°S, these tasks were performed by Angela Vogts. Samples of both cores were 
worked up by Angela Vogts and the author as well as several scientific assistants 
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and laboratory assistants were supervised by Angela Vogts or the author. Analyses 
of the bulk parameters were performed by technical assistants supervised by Angela 
Vogts or the author. The radiocarbon dating of selected samples was done by the 
Poznań Radiocarbon Laboratory (Poland). The evaluation of the results of the core 
at 12°S and 20°S was done by Angela Vogts and the author, respectively. The author 
interpreted the results of both cores, developed the manuscript concept and wrote 
the manuscript. The author was supported by Angela Vogts (IOW, Warnemünde, 
Germany) and Jürgen Rullkötter (ICBM, University of Oldenburg, Germany). In this 
thesis, the submitted version of the manuscript is included. However, the reviewer 
suggested further validation of the age models. Therefore, the revised version of the 
manuscript will contain additional radiocarbon ages of the southern core (analyses 
in progress), which may lead to a different age approximation.

The vegetation composition in southwest Africa archived in sediment cores from 
12°S and 20°S during the last 73 and 23 ka, respectively, was investigated. All n‑al-
kane parameters remain fairly uniform for the southern core indicating a constant 
C4 domination. For this location, values from single samples overlap from the Last 
Glacial Maximum and the Holocene and are, therefore, not significantly represent-
ative for the stadial they derive from. In contrast, zthe vegetation changed from C4 
dominated during the Late Pleistocene to C3 dominated during the Holocene for the 
northern core. During the deglaciation, the vegetation change occurs in accordance 
with the pCO2 increase. Smaller vegetation fluctuations during the Late Pleistocene 
coincide with changes in the local insolation.
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2.1.	 Abstract

Palaeoenvironmental assessment of past C3 and C4 vegetation distributions 
relies on end member data from plant analyses. In southwestern Africa, end mem-
ber data of the carbon number distribution of n‑alkanes from leaf waxes and their 
carbon isotopic composition were available for the rain forest and the savannah 
but not for the transition region, i.e. the wood- and shrubland. In this study, we ana-
lysed the n‑alkane parameters of 41 C3 plants and 11 C4 plants from the wood- and 
shrubland of Angola. Our results revealed highly variable n‑alkane parameters for 
individual plants. The combined results for the rain forest, the wood- and shrubland 
and the savannah show an increase in the average chain length (ACL) of C3 and 
C4 plants from the equator towards South Africa. The stable carbon isotopes of the 
n‑alkanes become heavier towards the south for the C3 plants. The mean values 
of the n‑alkane parameters were calculated from the arithmetic average as well as 
the median, applying both averaging methods to n‑alkane data from a sedimen-
tary study led to similar vegetation reconstructions. In addition, correlation between 
ACL and growth height of the plants is discussed indicating that the ACL may be 
useful as a tree abundance parameter. Thus, the enlarged end member database 
strengthens the n‑alkane parameters as tools for palaeoenvironmental studies.
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2.2.	 Introduction

Palaeoenvironmental studies reconstruct past ecosystems and climate by 
employing, e.g., sedimentary plant remains such as leaf wax constituents. Leaf 
waxes cover all aerially exposed organs of higher land plants and form a protective 
layer (Eglinton and Hamilton, 1967; Shepherd and Wynne Griffiths, 2006). The wax 
layer contains a diverse mixture of different compound classes, e.g., fatty acids and 
long chain n‑alkanes. The n‑alkanes are largely resistant against degradation and, 
therefore, valuable biomarkers (Eglinton and Eglinton, 2008). 

The analysis of sedimentary long chain n‑alkanes reveals, e.g., the past conti-
nental vegetation in terms of C3 and C4 plant distribution (e.g., Feakins et al., 2005; 
Rommerskirchen et al., 2006a; Collins et al., 2011; Schefuß et al., 2011). Such stud-
ies are based on the different carbon fixation pathways of C3 and C4 plants, which 
lead to the production of n‑alkanes with different carbon isotopic compositions. The 
differences in carbon uptake lead to a more negative carbon isotopic composition 
of the C3 plants compared to the C4 plants. Atmospheric CO2 enters the plant cell 
through the stomata, is enzymatically fixed and directly incorporated into the Cal-
vin-Benson-Bassham Cycle in the case of C3 plants. C4 plants preconcentrate the 
CO2 before it enters the Calvin-Benson-Bassham Cycle because their stomata are 
smaller in order to minimise water loss. This leads to an advantage of C4 plants 
(mainly grasses) compared to C3 plants in hot, arid regions like savannahs. C3 
plants (nearly all trees and shrubs) dominate in wetter regions like wooded areas 
(for an overview see, e.g., Tipple and Pagani, 2007; Eglinton and Eglinton, 2008).

In addition to the isotopic differences, plant studies from Africa show differences 
in the n‑alkane chain length distribution of C3 and C4 plants (Rommerskirchen et 
al., 2006b; Vogts et al., 2009). C3 savannah plants produce longer chain n‑alkanes 
than the C3 rain forest plants, and the average chain length (ACL) of the n‑alkanes 
is even higher for C4 grasses from the savannah. In these studies, plants mainly 
from the equatorial region and from Namibia and South Africa were analysed. For 
the transition zone, no plant data were available to verify the trends in chain length.

In this study, we have reduced the geographical gap between equatorial and 
southern Africa by analysing C3 and C4 plant species from Angola. We further eval-
uate changes in the distribution pattern of the n‑alkanes and their carbon isotopic 
composition in southwest Africa by combining the data of Rommerskirchen et al. 
(2006b), Vogts et al. (2009) and from this study. The combined dataset constitutes 
improved end member background information for palaeoenvironmental studies.
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2.3.	 Material and methods

2.3.1.	 Sample material and study area

The plant material was collected from the deciduous wood- and shrubland in 
northern and central Angola (Fig. 2.1; White, 1983; Mayaux et al., 2004). The wood- 
and shrubland is defined as a transition zone between forest and grassland. In the 
forest, trees using the C3 pathway dominate and in the grasslands C4 grasses are 
abundant. In the wood- and shrubland, trees cover up to 40% of the area, shrubs 
more than 15% and grasses between 15 and <40% (Mayaux et al., 2004).

The plants were sampled in August and September 2006 and in June 2007 by 
W. Lobin and T. Leyens (University of Bonn, Germany) who assigned the family 
and species identities (Supplementary Table 2.S1). The plants were kept between 
newspaper sheets or fixed on sheets of paper with paper adhesive. The plants were 
stored at room temperature at the herbarium in Bonn (Germany). 

Fig. 2.1: Vegetation of a) Africa and b) Angola (after Mayaux et al., 2004) including the sampling 
locations of the plant material analysed by a) Vogts et al. (2009), Rommerskirchen et al. (2006b) and 
this study and b) this study.
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2.3.2.	 Analytical methods 

2.3.2.1.	 Extraction and sample preparation

The organic compounds were extracted from 5 to 380 mg dry and ground plant 
material by using an Accelerated Solvent Extractor (ASE 200, Dionex) with CH2Cl2 
and MeOH (9/1, v/v, 3 x 5 min, 70 bar, 100°C) as solvents. Squalane was added as 
an internal standard. The extract was dissolved in n‑hexane and insoluble compo-
nents were removed by filtration over dry NaSO4. In the n‑hexane-soluble fraction, 
the aliphatic/alicyclic hydrocarbons were separated from the aromatic and polar het-
erocomponent fractions by medium pressure liquid chromatography (Radke et al., 
1980).

In the aliphatic fraction, the n‑alkanes were analysed by gas chromatography 
(Agilent 6890) with flame ionisation detector, helium as carrier gas and a high-tem-
perature column (J&W, DB-5ht, 30 m length, 0.25 mm i.d., 0.1 µm film thickness). 
The injector temperature was raised from 60°C to 350°C (held for 2 min) at a rate of 
480°C min-1.The temperature of the gas chromatograph (GC) oven was raised from 
60°C (3°C min-1) to 350°C and then held for 5 min. n‑Docosanoic acid methyl ester 
was added as the injection standard. The individual n‑alkanes were identified by 
comparison of the retention times with those of a standard mixture. Based on signal 
intensity and the internal standard, the n‑alkane abundances were calculated and 
reported as µg g-1 plant material dry wt. The recovery of the internal standard was 
better than 80% except for Rubiaceae I and Cyperaceae I (recovery >40%; for the 
consecutive numeration of the plant species see Supplementary Table 2.S1). Blank 
samples of purified sand and storage material (newspaper sheets, paper adhesive) 
went through the same procedure and showed no significant contamination interfer-
ing with the long chain n‑alkanes. 

2.3.2.2.	 Molecular carbon isotope analysis

Some samples contained substances (partly) coeluting with n‑alkanes. To avoid 
possible interference during isotope analysis, the n‑alkanes of these samples were 
separated from the branched and cyclic saturated hydrocarbons by urea adduction 
(Rommerskirchen et al., 2006b). The stable carbon isotopic composition was deter-
mined by an Agilent 6890N GC coupled to a Thermo Finnigan MAT 253 isotope ratio 
mass spectrometer (irm-MS) via a combustion interface (GC-III). The gas chroma-
tography conditions were identical to those used for the n‑alkane quantification with 
the exception of the injector and oven temperatures. The injector temperature was 
programmed from 60°C (held 8 s) to 305°C (held 2 min) at a rate of 10°C min-1. 
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The GC oven was programmed from 60°C (held 2 min) to 300°C (held 18 min) at 
a rate of 3°C min-1. Where samples had been treated by urea adduction, the final 
oven temperature was held for 38 min due to the inclusion of an additional standard 
(n‑C42-alkane). The instrument was calibrated by injection of repeated pulses of 
CO2 of known carbon isotopic composition at the beginning and the end of each run. 

For quality control, certified and lab standards (n‑alkanes and fatty acid methyl 
esters) were measured between the sample runs. Squalane with known isotopic 
composition was used as an internal standard. Where squalane had been removed 
during urea adduction, it was added to the samples prior to isotope analysis. The 
relative standard deviation of the internal standard was 2.3%. The analyses were 
run at least in duplicate and yielded values with a difference of less than 0.5‰. 

2.3.2.3.	 Isotopic composition of the plant material

The bulk isotopic composition of the plant material was determined by a Carlo 
Erba Elemental Analyser 1108 coupled to a Thermo Finnigan MAT 252 irm-MS. The 
results were blank-corrected according to Werner et al. (1999). The relative stand-
ard deviation of a certified lab standard was 0.9%. The analyses were run at least in 
duplicate with a difference of values of 0.3‰ on average. 

2.3.3.	 Classification of the photosynthetic pathway

The mean δ13C values of the bulk plant material were between -31 and -11‰ 
(Supplementary Table 2.S2). The literature δ13C values for C3 plants are in the range 
of -34 to -23‰ whereas C4 plants are isotopically heavier (-23 to -6‰; Schidlowski, 
1987). Applying these values to our plant samples led to a total of 11 C4 and 41 C3 
plants. For each of two Fabaceae (VIII and IX; Supplementary Table 2.S2), only sin-
gle δ13C value was available which points to the C3 pathway. In the literature, these 
plants are also described as C3 plants (Sage et al., 1999b). The δ13C values of 
CAM (Crassulacean Acid Mechanism) plants overlap with those of C3 and C4 plants 
(Schidlowski, 1987). However, none of the plants analysed here was reported to use 
the CAM pathway (Sayed, 2001). 

2.4.	 Results

2.4.1.	 n‑Alkane distribution

All samples showed an odd-over-even n‑alkane predominance which is also rep-
resented by the values of the carbon preference index (CPI) for the C25 to C35 n‑al-
kanes (Supplementary Table 2.S3; Marzi et al., 1993). The CPI25‑35 values ranged 
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between 2 and 40 with an average of 8. For Apiaceae I no CPI was calculated 
because no even numbered n‑alkanes in the range of C25 to C35 were detected.

In general, individual plants showed great differences in the n‑alkane distribution 
patterns regardless of the photosynthetic pathway used. The distribution patterns 
were either dominated by one, two or three n‑alkanes (Supplementary Table 2.S4). 
The C31 n‑alkane dominated in 41% and the C29 n‑alkane in 36% of the C3 plants. 
For the C4 plants, the C31 homologue was dominant in 64% of the specimens. For 
the six families of which at least three species were analysed, the dominating n‑al-
kane changed for four families within a family. For instance, either the C29, the C31 
or the C33 n‑alkane was most abundant in the Asteraceae (C3 plants). The aver-
age chain length (ACL; Poynter, 1989) for the odd-numbered C25 to C35 n‑alkanes 
ranged from 27.4 to 32.5 and from 29.0 to 31.3 for the C3 and the C4 plants, respec-
tively (Supplementary Table 2.S3).

2.4.2.	 Carbon isotope composition

The carbon isotope compositions of the n‑alkanes were in the range reported 
before for land plants (e.g., Bi et al., 2005; Rommerskirchen et al., 2006b; Vogts et 
al., 2009). The δ13C values showed high variabilities for plants of a given photosyn-
thetic pathway. Those for the C3 plants ranged from -44 to -29‰ (Supplementary 
Table 2.S2). For the C4 plants, the range was smaller (from -27 to -19‰). In addition, 
the δ13C values of compounds within one plant differed up to 3.2‰ (Fabaceae XI, 
Brachystegia wangermeeana, C3 plant) and up to 4.6‰ (Poaceae VIII, C4 plant), 
respectively. In contrast, the δ13C values of the different n‑alkanes of some of the 
plants were within the error margin of the measurements.

Two C3 plants (Fabaceae VII and Crassulaceae I) showed δ13C values for the 
different n‑alkanes around -43‰, which is 3 to 4‰ lighter than in the other C3 
plants. Similarly light values for C3 plants were also found by Vogts et al. (2009). 
The weighted mean average of the δ13C values for the odd-numbered n‑alkanes 
from C27 to C33 (δ13CWMA27‑33) strongly varied from -44.0 to -26.4‰ for C3 plants 
and from -23.2 to -19.9‰ for C4 plants (Supplementary Table 2.S2).

2.5.	 Discussion

2.5.1.	 The n‑alkane parameters for the wood- and shrubland plants

All samples contain longer chain n‑alkanes with an odd-over-even predominance 
typical for land plants (Supplementary Table 2.S4; Eglinton et al., 1962; Collister et 
al., 1994). All CPI25‑35 values are between 2 and 40 (Supplementary Table 2.S3). 

2. Leaf waxes of C3 and C4 species of Angola

26



CPI values of wax alkanes extending over such a large range were also found by 
Bush and McInerney (2013), Rommerskirchen et al. (2006b) and Vogts et al. (2009). 
Five plants show CPI values <3. Vogts et al. (2009) found lower CPI values for plants 
containing low concentrations of n‑alkanes (<250 µg g-1 dry wt.; Supplementary 
Table 2.S4). In this study, low and high CPI values occur in plants with both low and 
high concentrations of n‑alkanes. This is in agreement with Hoffmann et al. (2013), 
who did not find a correlation between CPI values and n‑alkane concentration. 

A combination of the results for n‑alkane distribution and carbon isotopic compo-
sition of individual plants is shown in Fig. 2.2 as averaged C3 and C4 plant data for 
wood- and shrubland. Because the analysed plants show considerable variability in 
the n‑alkane parameters, we investigated the effect of applying different averaging 
methods, i.e. the arithmetic average and the median. The histograms calculated 
from the arithmetic average show the dominance of the C29 and C31 n‑alkanes in 
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Fig. 2.2: Plants from Angola: Mean values of the distribution of n‑alkanes (in % homologue of the 
displayed n‑alkanes, histograms) and the δ13C values of the odd-numbered n‑alkanes (grey circles) 
calculated by the arithmetic average and the median for the C3 and the C4 plants (n= 41 and n= 11, 
respectively). Grey bars indicate the standard deviation (arithmetic average) and the median abso-
lute deviation (median) of the individual n‑alkanes.
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the C3 plants (both ca. 31%), followed by the C27 and C33 homologues, both with 
nearly equal percentages (ca. 10%). The C4 plants are dominated by the C31 alkane 
(35%), followed by the C33 homologue. Both n‑alkanes together account for more 
than 50% of the sum of all homologues. The C27 and C29 n‑alkanes are of lower 
importance (ca. 15% each).

The n‑alkane δ13C values of the C3 plants and the C4 plants range between -37 
and -32‰ and between -22 and -21‰, respectively. With increasing chain length, 
the δ13C values tend to become more negative. This trend is more distinct for the 
C3 (3‰) than the C4 plants (1‰). The isotopic composition changes presumably 
because the different n‑alkanes are produced at different times during the growth of 
the leave (Collister et al., 1994; Chikaraishi and Naraoka, 2007). This difference in 
the timing of the n‑alkane biosynthesis may also explain the isotopic differences of 
the n‑alkanes within individual plants (Supplementary Table 2.S2).

The distribution patterns for the C3 and the C4 plants were calculated by median 
to minimise effects of extreme values (Fig. 2.2). The median n‑alkane parameters 
are similar to those based on the arithmetic average and the percentages and the 
δ13C values differ only slightly. The percentages of the even numbered n‑alkanes, 
however, are systematically - although only slightly - lower when the median is cal-
culated (up to 2%). 

2.5.2.	 Enhanced C3 and C4 plant end member database

2.5.2.1.	 Different averaging methods

Rommerskirchen et al. (2006b) and Vogts et al. (2009) compiled n‑alkane data 
in averaged histograms for C3 and C4 plants, respectively, to be used as vegeta-
tion proxies in palaeoenvironmental studies. The n‑alkane parameters for the wood- 
and shrubland are fairly similar if calculated either by the arithmetic average or the 
median. To identify possible discrepancies between both averaging methods in a 
larger C3 and C4 plant dataset, we combined our results with the end member data-
base compiled by Vogts et al. (2009; Supplementary Tables 2.S2, 2.S3 and 2.S4). 
When looking at differences of averaged parameters, such as ACL or δ13CWMA, it 
has to be considered that different carbon number ranges of both parameters are 
used in the literature. For instance, plant studies have used an ACL ranging from C27 
to C35 (Rommerskirchen et al., 2006b), from C25 to C35 (Vogts et al., 2009) or from 
C21 to C35 (Carr et al., 2014). In addition, sedimentary studies have used the ranges 
of C29 to C33 (Vogts et al., 2012) or C27 to C33 (Rommerskirchen et al., 2006a) to 
determine the past vegetation composition. The range variations for the δ13CWMA 
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values in these studies are akin to those of the ACL. Therefore, we list several 
ranges of ACL and δ13CWMA for the C3 and the C4 plants in Table 2.1. For the calcu-
lation of the mean values, all C3 and C4 plant data obtained by Rommerskirchen et 
al. (2006b), Vogts et al. (2009) and in this study are used regardless of the growth 
form or the photosynthetic subtype.

The arithmetic averages for the different ranges of ACL are around 30.0 for the C3 
plants (Table 2.1) and higher for the C4 plants (ca. 30.8). These distribution patterns 
are similar to those for C3 plants reported by Vogts et al. (2009) and for C4 plants 
analysed by Rommerskirchen et al. (2006b). The δ13CWMA values for the C3 plants 
are ca. -35.2‰, the C4 plants are heavier at ca. -22.9‰ (Table 2.1). Both averaging 
methods for the different ACL ranges yield nearly equal results for the C3 plants. The 
median values for the C4 plants are slightly higher than the values for the arithmetic 
average (max. 0.14). The δ13CWMA values for C3 and C4 plants are nearly equal with 
a maximum in differences of 0.2‰. However, the values for the arithmetic average 
and the median are most consistent if they are calculated using the most abundant 
n‑alkanes (C29 to C33). Therefore, it is recommended that an ACL including the 
main n‑alkanes should be applied in (palaeo)vegetation assessment. Overall, even 
though individual plants differ among each other in the distribution patterns and the 
isotopic composition, the mean values remain stable, even if calculated by different 
methods. 

Parameter Range
Arithmetic average Median SD MAD

C3 C4 C3 C4 C3 C4 C3 C4
ACL 25-35 29.81 30.69 29.85 30.83 1.1 0.9 0.7 0.5

27-33 30.00 30.62 29.97 30.76 0.9 0.8 0.6 0.5
27-35 30.06 30.75 30.04 30.85 0.9 0.9 0.7 0.5
29-33 30.39 31.16 30.36 31.16 0.8 0.5 0.5 0.3

δ13CWMA 25-35 -35.1 -21.9 -34.9 -21.7 3.0 1.9 1.9 1.3
[‰] 27-35 -35.1 -22.0 -34.9 -21.8 3.0 1.9 1.9 1.3

29-33 -35.3 -22.0 -35.3 -22.1 2.9 1.9 1.9 1.6

Table 2.1: Different end member values of higher plant wax n‑alkane parameters: Mean values for 
average chain length (ACL) and weighted mean average (WMA) of δ13C values as well as stand-
ard deviation (SD) and median absolute deviation (MAD) for the different n‑alkane ranges com-
bining data for C3 and C4 plants compiled by Vogts et al. (2009), Rommerskirchen et al. (2006b) 
and in this study; number of analysed species (n): nACL,C3= 110, nACL,C4= 189, nδ13CWMA,C3= 103, 
nδ13CWMA,C4= 41; ACL after Poynter (1989).
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2.5.2.2.	 Vegetation distribution estimated using different end member values

We used the enlarged end member dataset to evaluate possible effects on the 
conclusions of palaeoenvironmental studies by applying the end member values 
of Vogts et al. (2009) and those of this study (both arithmetic average and median) 
to a transect of surface sediments off southwest Africa (Vogts et al., 2012). The 
vegetation on the adjacent continent covers C3 (rain forest) as well as C4 plant 
dominated regions (grassland) and the transition zone (Fig. 2.3). The contribution 
of CAM plants to the sediments was assumed to be negligible. We employed the 
binary mixing equation used by Vogts et al. (2012) to calculate the C4 plant abun-
dance. For estimating %C4 by δ13C values, only the results for δ13C31 are shown; 
the results for δ13C29 and δ13C33 were similar, and the results for the three end 
member values are in good accordance.

When comparing three different n‑alkane parameters (ACL25‑35, δ13C31 and 
δ13CWMA29‑33; Fig. 2.3a-c), the highest accordance was obtained for the calcula-
tions using δ13C31 and δ13CWMA29‑33 with differences of 1% C4 on average. The 
good accordance for the calculation of %C4 by isotopic compositions may be due 
to the relation between isotopic composition and photosynthetic pathway (O’Leary, 

Fig. 2.3: Comparison of the calculation of %C4 by the different end member values (a, b, c) and the 
tree abundance calculated with ACL27‑33 end member values for trees and grasses (d; ACL after 
Poynter, 1989). Calculations with the end member data used by Vogts et al. (2012; black rectangle) 
and the enlarged end member dataset of this study averaged by the arithmetic average (dark grey 
circles) and the median (light grey triangles); sedimentary n‑alkane data from Vogts et al. (2012); 
the map depicts the sampling locations, the adjacent continental vegetation (for the colour code see 
Fig. 2.1) and transport pathways of the plant material (wind, rivers; wind direction after Dupont and 
Wyputta, 2003).
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1981; Schidlowski, 1987). The C3 and C4 end member values differ by ca. 13‰ for 
both averaging methods, and values for C3 and C4 plants do not overlap (Table 2.1).

The differences between the arithmetic average and the median are higher for 
the ACL25‑35 than for the isotope data (Fig. 2.3a). Compared to Vogts et al. (2012), 
the discrepancies extend up to 7 and 12% C4 for the arithmetic average and the 
median, respectively. These discrepancies are caused by the end member value 
difference between the two averaging methods. The end member values for the C3 
plants are similar for the arithmetic average and the median. But for the C4 plants, the 
end member values differ by 0.14 (Table 2.1). Furthermore, the differences between 
the C3 and C4 end member values are small (0.9 and 1.0, respectively) while the 
relative standard deviations and the relative median absolute deviations are high. 
This leads to the relatively high variations in the calculated C4 plant abundance.

Although the comparison of the different calculation methods for ACL25‑35 showed 
some differences, the general dominance of either C3 or C4 plants is apparent even 
though the studies on end member plant data are limited surveys. Altogether ca. 300 
plant samples have been analysed so far but the plant diversity on the African conti-
nent is much higher. In general, the results confirm the hypothesis that mean values 
remain stable whether calculated with the arithmetic average or the median. This 
confirms the n‑alkane parameters to be valuable tools for vegetation reconstruc-
tions. 

2.5.3.	 Continental plant transect

In Fig. 2.4a, the n‑alkane data for all plants analysed by Rommerskirchen et al. 
(2006b), Vogts et al. (2009) and in this study are grouped according to their vegeta-
tion zones (cf. Fig. 2.1a; Mayaux et al., 2004). Vogts et al. (2009) analysed C3 plants 
from the rain forest and the savannah. This study deals with C3 and C4 plants from 
the wood- and shrubland and the study of Rommerskirchen et al. (2006b) with C4 
grasses from the savannah. The plant samples from Australia and Peru analysed by 
Rommerskirchen et al. (2006b) are excluded here. Altogether, the plant data span a 
continental transect from the equator via Angola to South Africa, mostly southwest-
ern Africa. In the following, only the arithmetic average is regarded since the results 
calculated by the arithmetic average and the median have been shown before to be 
fairly similar.

2.5.3.1.	 Carbon isotopic composition

When the vegetation zones are compared, the differences in isotopic composi-
tion between C3 and C4 plants are >10‰ (Fig. 2.4a). In contrast to this, the largest 
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differences within a photosynthetic pathway are up to 4‰. Within the C3 plants, the 
C29 and C31 n‑alkanes dominate in every vegetation zone and their δ13C values 
become heavier towards the south (for C29 about 4‰ and for C31 ca. 3‰). The trend 
to a more positive carbon isotopic composition is also reflected by the δ13CWMA27‑33 
parameter which increases by about 3‰ towards the south. The stable carbon iso-
tope ratio of the C27 and C33 n‑alkanes also becomes more positive towards the 
south (1 to 2‰). Due to their low abundance in some samples, their average con-
sists of only three (C27) or six (C33) values for the rainforest and seven (C27) or 
twelve (C33) values for the wood- and shrubland. For the savannah plants, at least 
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Fig. 2.4: n‑Alkane distribution and carbon isotopic composition for C3 and C4 plants of the different 
vegetation zones (a) and the correspondent mean annual temperature and precipitation as well as 
aridity indices (b); ACL29‑33: mean average chain length of odd-numbered n‑alkanes (C29 to C33) and 
δ13CWMA27‑33: weighted mean average of δ13C values of odd-numbered C27 to C33 n‑alkanes (includ-
ing standard deviation in parentheses); n: number of species for the averaged parameters; data from 
rain forest and savannah are adopted from Vogts et al. (2009) and Rommerskirchen et al. (2006b); 
ACL after Poynter (1989); mean temperature and precipitation values for the sampling locations 
calculated according to Matsuura et al. (2009); aridity index calculated according to UNEP (1997).
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30 different values are available. Therefore, only in this vegetation zone assump-
tions about a general δ13C pattern are valid for the C27 and the C33 n‑alkanes. 

The C4 plants do not show a consistent trend towards the south (Fig. 2.4a). Only 
small changes were observed with a tendency to more negative values towards 
the south. However, for the wood- and shrubland only up to eight values for single 
n‑alkanes are available. Thus, the number of n‑alkane values is too small to infer a 
significant trend towards the south.

The potential reasons for an increase of δ13C values for C3 plants towards the 
south were summarised by Arens et al. (2000). Among these, the most stringent 
factors are higher water stress, less recycled material and higher light intensity. 
Towards the south, the climate becomes more arid (Fig. 2.4b). To maintain a high 
water use efficiency and to prevent water loss, the C3 plants close their stomata. 
Thus, less CO2 enters the plant cell which causes less discrimination of the 13C 
isotope and the higher δ13C values of the plant material. The change in δ13C is 
estimated to be about 3 to 6‰ (Brodribb, 1996; Arens et al., 2000; Macková et 
al., 2013). In addition, the vegetation changes from dense formations to open land 
cover towards the south (White, 1983). Under canopies, the δ13C value of CO2 is 
more negative compared to atmospheric CO2. The lower values are a result of the 
decomposition of organic material on the ground. The plants near the ground incor-
porate the lighter CO2 yielding more negative δ13C values by 1 to 5‰ compared to 
plants growing in open lands (Medina et al., 1986; Arens et al., 2000). Due to the 
closed vegetation, the plants towards the equator also receive increasing less light. 
Under a canopy, the concentration of CO2 inside the cell is higher compared to high 
light intensity conditions. This leads to lower δ13C values of the plant material by 
about 5 to 6‰ (Farquhar et al., 1989; Zimmerman and Ehleringer, 1990; Arens et 
al., 2000). The factors described should lead to larger changes in the isotopic com-
position than indicated by the measured δ13C values of the individual n‑alkanes. 
However, several other factors, such as plant age or nutrient availability, may coun-
teract the described effects leading to a less pronounced trend to heavier n‑alkanes 
towards the south. 

2.5.3.2.	 Chain length distribution

The n‑alkane chain length increases towards the south for both the C3 and C4 
plants (Fig. 2.4a). For the C3 plants, C29 dominates in the rain forest, whereas 
C29 and C31 are similarly abundant in the wood- and shrubland and C31 prevails 
in the distribution patterns of the savannah. In addition, the distribution patterns 
become broader from the equator towards the south. The abundances of C27 and 
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C33 increase, accompanied by a decrease of the C29 percentage. In contrast, the 
abundance of C31 remains constant (ca. 30%) in all vegetation zones.

In the literature, mainly broad ranges are used to calculate ACL values (e.g., 
Rommerskirchen et al., 2006b; Vogts et al., 2009; Carr et al., 2014). We there-
fore, initially applied an ACL27‑33 parameter (Table 2.2), which, however, only partly 
reflects the change in chain length. The ACL27‑33 values consistently increase from 
the rain forest to the wood- and shrubland (about 0.4). From the wood- and shrub-
land towards the savannah, however, the histograms indicate an increase in the 
chain length, although the ACL27‑33 values slightly decrease (0.1). This is due to the 
broadening of the distribution pattern where C29 decreases more strongly than C33 
increases. If, however, a narrower ACL range is used (e.g., C29 to C33; Fig. 2.4a) 
the values reflect the increase in chain length as visually observed in the distribution 
patterns.

In the C4 plants, C31 dominates in both vegetation zones but this is more pro-
nounced in the savannah than in the wood- and shrubland (39 and 27%, respec-
tively; Fig. 2.4a). Towards the south, the abundance of C33 increases (from 19 to 
27%). The longer chain length is reflected by higher ACL27‑33 and ACL29‑33 values in 
the savannah (increase of 0.40 and 0.25, respectively; Table 2.2, Fig. 2.4a). 

In sediment studies, ACL has been employed to deduce the C4 abundance in 
the vegetation on the adjacent continent (e.g., Vogts et al., 2012). Our results do 
not show a direct relation between ACL and the photosynthetic pathway. If ACL was 
connected directly to the photosynthetic pathway the chain length would possibly be 
similar for all vegetation zones. Differences would only be visible in the comparison 
of C3 and C4 plants. Vogts et al. (2012) suggested that the local environmental con-
ditions determine the chain length leading to an indirect relationship between ACL 
and the photosynthetic pathway.

To evaluate the potential relationship between ACL and the environmental con-
ditions, we determined the temperature, precipitation and the aridity index for each 

ACL27‑33
C3 plants C4 plants

Rain forest 29.76 -
Wood- and shrubland 30.12 30.49

Savannah 30.01 30.89

Table 2.2: Mean ACL27‑33 values for rain forest (number of analysed species (n): nC3= 24, Vogts et 
al., 2009), wood- and shrubland (nC3= 41, nC4= 11, this study) and savannah (nC3= 46, C3 plants 
analysed by Vogts et al., 2009; nC4= 33, C4 plants analysed by Rommerskirchen et al., 2006b); ACL 
after Poynter (1989).
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sampling area (Fig. 2.4b). This approach is limited because the distribution and 
growth of a plant depend on several interacting, local parameters (e.g., light inten-
sity, soil salinity; Sage, 2001) whose values are largely unknown. We used the Web-
WIMP modeling program (Matsuura et al., 2009) to calculate the annual mean tem-
perature, the annual mean precipitation and the potential evaporation. The aridity 
indices were calculated as the quotient of the mean annual precipitation and the 
potential evaporation according to UNEP (1997). Within a given vegetation zone, 
the environmental conditions are fairly uniform. Hence, the plant samples for which 
the exact sampling location is unknown were also considered in the averaged ACL 
values.

Temperature and precipitation decrease towards the south from 25°C to 19°C 
and from 1600 mm a-1 to 350 mm a-1, respectively (Fig. 2.4b). The aridity indices 
indicate a humid climate for the rain forest as well as for the wood- and shrubland 
and a semiarid climate for the savannah. The chain length and ACL29‑33 increase for 
C3 and C4 plants towards the south. Also, the temperature decreases steadily while 
precipitation and aridity index show the most distinct changes from the wood- and 
shrubland towards the savannah. In contrast, the changes in the C3 chain length 
are higher from the rain forest towards the wood- and shrubland and less distinct 
from the wood- and shrubland towards the savannah. Thus, the dataset points to 
a potential connection between the climatic parameters and the chain length but 
provides no distinct relations. 

Carr et al. (2014) investigated the n‑alkane distribution of succulent plants (mainly 
CAM) and found only a weak connection between ACL and aridity. In addition, two 
different plant species show opposite trends in the chain length with increasing arid-
ity in Australia (Hoffmann et al., 2013). In contrast, individual plants are able to react 
to water stress with a shift to longer chain length (Macková et al., 2013). However, 
the effects of individual plants may counteract each other within a vegetation zone. 
Therefore, individual plant studies may not allow conclusions on the complex inter-
actions in a vegetation zone. 

The mean annual temperature may not reflect the temperature relevant for leaf 
wax synthesis. Another influence on ACL may be the leaf temperature which has 
been discussed by Rommerskirchen et al. (2006b) and Vogts et al. (2009 and refer-
ences therein). In short, it is suggested that the plants increase the n‑alkane chain 
length to maintain the hardness of their leaf surface. For instance, an ACL increase 
by two raises the n‑alkane melting point by ca. 4°C (Rommerskirchen et al., 2006b). 
In a vertical temperature gradient, the temperatures are higher at the bottom of a 
plant and decrease with height above the ground. This effect is more pronounced for 
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plants in open areas, like savannahs. Vogts et al. (2009) attributed this temperature 
gradient to be a driving factor in the changes of ACL.

With the additional data of plants from the wood- and shrubland, we present a 
first approach to evaluate the influence of a vertical temperature gradient for plants 
of different height. As a first approximation, we use the plant heights described for 
the different growth forms (tree, grass, liana, shrub, herb) in different habitats (rain 
forest, wood- and shrubland, savannah; White, 1983). We further assume that lia-
nas are as high as trees in the rain forest and herbs as high as shrubs in the savan-
nah (Fig. 2.5). The classification of the growth form of a given plant is according 
either to the description given of the authors of previous studies (Rommerskirchen 
et al., 2006b; Vogts et al., 2009) or, for the plants of the wood- and shrubland, to the 
collectors and Stevens (2001, Supplementary Table 2.S1). Only those growth forms 
are included into the calculations where n‑alkane data for at least seven plants are 
available.

For every growth height, the ACL27‑33 values scatter but to estimate an average 
trend, we calculated average ACL27‑33 values for each plant group in each hab-
itat (Fig. 2.5). The mean values of ACL27‑33 decrease with the growth height. To 

r²= 0.54

31.0

3020100
29.5

30.0

30.5

Growth height [m]

A
C

L 27
-3

3

Grasses

TreesTreesShrubs

Shrubs

Herbs
Herbs

Lianas

Grasses

Fig. 2.5: Mean ACL27‑33 values plotted against the growth height of different plant types from differ-
ent vegetation zones (circles: rain forest, triangles: wood- and shrubland, rectangles: savannah); 
data from rain forest and from trees, shrubs and herbs from savannah by Vogts et al. (2009) and data 
for savannah grasses by Rommerskirchen et al. (2006b); determination of the growth height after 
White (1983); correlation calculated with Eq. 2.1 according to Ratkowski (1990).
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determine a correlation, we used a three-parameter exponential function (Eq. 2.1), 

y = a × exp( b
x + c) Equation 2.1

where a is the asymptote for x → ∞, b is the difference between a and the y-axis 
intercept (if x=0) and c is the rate for the change of the y-value from its original 
value at x=0 (Ratkowski, 1990). This function describes a correlation between the 
mean ACL27‑33 values and the growth height (r²= 0.54) in spite of the many assump-
tions (Fig. 2.5). For ACL29‑33, a similar correlation is obtained. However, this lim-
ited approach needs further verification on more data especially for growth heights 
between 10 and 30 m as well as samples from plants with known growth heights. 

Furthermore, Fig. 2.5 shows that the mean ACL27‑33 values of trees in different 
vegetation zones are nearly equally low. The mean ACL27‑33 value of grasses in the 
savannah is the highest and the values for herbs and the shrubs are in between the 
values for trees and savannah grasses. The similarity of the ACL27‑33 values of trees 
may eventually be used in palaeoenvironmental studies to reconstruct the tree abun-
dance. To evaluate this hypothesis, we calculated tree abundance using a binary 
mixing equation. This equation is similar to that applied for %C4 calculation from the 
mean end member ACL27‑33 values (29.74 and 30.79, respectively) for trees (aver-
aged rain forest, wood- and shrubland and savannah) and for grasses (averaged 
wood- and shrubland and savannah). To apply the tree abundance approach, we 
used the ACL27‑33 values of the sedimentary n‑alkane study off southwest Africa by 
Vogts et al. (2012). This approach is similar to that of Bush and McInerney (2013) 
who used a given amount of C29 and C31 n‑alkanes to conclude on either a woody 
plant or a grass origin.

In the northern part of the transect, the tree abundance is high (Fig. 2.3d, >60%, 
locations 1-6) and decreases towards the south to 1% (location 13). This trend 
roughly concurs with the tree distribution in the postulated catchment areas (Mayaux 
et al., 2004). The transport of plant material from the continent to the sediments 
occurs on nearly longitudinal pathways from the continent to the sediments via wind 
and rivers (Dupont and Wyputta, 2003; Vogts et al., 2012). However, in the northern 
part of the transect, the calculated tree abundance appears to be too small com-
pared to the vegetation on the adjacent continent. This might be due to the transport 
of plant material from north-central Africa by, e.g., Harmattan winds (Schefuß et al., 
2003a; Vogts et al., 2012). However, this first approach should be further verified as 
other factors (e.g., sampling season) may influence the chain length distribution of 
the n‑alkanes.
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2.6.	 Conclusions

We analysed 41 C3 plants and 11 C4 plants from the wood- and shrubland in 
Angola for wax n‑alkane distribution and the molecular carbon isotopic composition 
of these compounds. We have expanded the plant database for African C3 and 
C4 species, but the end member data remain fairly uniform even if calculated by 
different averaging methods (arithmetic average, median). This result confirms the 
n‑alkane parameters to be valuable tools for the assessment of palaeovegetation 
and -climate. 

In contrast to the C4 plants, the stable carbon isotopes of the n‑alkanes of the C3 
plants become slightly heavier from the rain forest through the wood- and shrubland 
towards the savannah. This is probably due to the influence of different environmen-
tal conditions on the C3 plants (e.g., water stress, light intensity or incorporation of 
CO2 from decayed plants). For C3 and C4 plants, the chain length increases towards 
the south which is best reflected by an ACL in a small range (C29 to C33). For pal-
aeoenvironmental studies, ACL is not a direct indicator for the C3/C4 distribution of 
past vegetation. But the ACL27‑33 may indicate the growth height of the plants and/
or the tree abundance.
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Supplementary Table 2.S3: CPI and ACL values of different ranges, arithmetic average (arithm. 
average) and median for C3 and C4 plants, standard deviation (SD) and median absolute deviation 
(MAD) of the plant species analysed here as well as total analysed African plant samples (mean C3 
or mean C4 plants) compiled by Rommerskirchen et al. (2006b) and Vogts et al. (2009); CPI after 
Marzi et al. (1993), ACL after Poynter (1989); n.d. - not determined.

PP/ Family No. CPI25‑35 ACL27‑33 ACL29‑33 ACL25‑35 ACL27‑35
C3 plants
Apiaceae I n.d. 27.96 29.00 27.37 28.54
Asteraceae I 8.5 31.78 31.89 32.45 32.51
Asteraceae II 10.5 29.48 29.97 29.36 29.52
Asteraceae III 10.6 30.55 31.00 30.55 30.55
Asteraceae IV 7.6 30.16 30.36 30.05 30.22
Asteraceae V 4.0 30.77 30.89 30.91 30.91
Capparaceae I 7.7 30.99 31.31 30.49 30.99
Combretaceae I 14.2 29.81 29.85 29.81 29.83
Combretaceae II 13.7 29.96 30.04 29.89 29.98
Combretaceae III 23.9 29.03 29.26 28.96 29.03
Commelinaceae I 4.5 30.93 31.23 30.79 31.06
Crassulaceae I 8.0 32.26 32.34 32.54 32.62
Euphorbiaceae I 3.6 30.40 30.67 30.07 30.40
Euphorbiaceae II 4.5 29.80 30.16 29.48 29.93
Euphorbiaceae III 10.1 30.05 30.07 30.04 30.06
Fabaceae I 5.3 30.27 30.63 29.84 30.33
Fabaceae II 5.7 30.12 30.77 29.59 30.12
Fabaceae III 2.1 30.36 30.36 29.25 30.14
Fabaceae IV 2.8 30.14 30.53 30.15 30.60
Fabaceae V 4.5 29.27 30.08 28.80 29.37
Fabaceae VI 13.1 30.46 30.68 30.23 30.46
Fabaceae VII 8.2 28.96 29.50 28.54 29.17
Fabaceae VIII 4.8 29.88 30.27 29.16 30.03
Fabaceae IX 16.4 29.66 29.70 29.64 29.68
Fabaceae X 8.0 28.77 29.31 28.55 28.95
Fabaceae XI 4.4 29.04 29.62 28.81 29.09
Fabaceae XII 14.3 30.17 30.40 30.17 30.17
Fabaceae XIII 6.7 30.37 30.62 29.95 30.37
Fabaceae XIV 4.8 29.33 29.56 29.22 29.40
Melastomataceae I 7.5 31.68 31.75 31.67 31.71
Melastomataceae II 8.9 31.52 31.63 31.41 31.53
Pedaliaceae I 6.1 30.99 31.18 31.15 31.18
Plumbaginaceae I 6.4 30.82 31.03 30.45 30.90
Proteaceae I 5.4 29.06 30.44 28.05 29.06
Proteaceae II 3.5 28.93 29.93 27.87 29.22
Ranunculaceae I 14.6 30.02 30.43 29.72 30.04

2. Leaf waxes of C3 and C4 species of Angola
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Supplementary Table 2.S3 (continued)

PP/ Family No. CPI25‑35 ACL27‑33 ACL29‑33 ACL25‑35 ACL27‑35
Rubiaceae I 39.6 30.51 30.57 30.53 30.54
Scrophulariaceae I 4.4 30.70 31.08 30.34 30.76
Thymelaeaceae I 9.8 29.10 30.01 28.53 29.33
Verbenaceae I 5.9 28.87 29.30 28.38 28.96
Verbenaceae II 8.7 32.21 32.25 32.32 32.41
Arith. aver. 8.8 30.12 30.48 29.88 30.24
Median 7.5 30.14 30.43 29.89 30.14
SD 6.7 0.97 0.81 1.20 0.99
MAD 1.8 0.65 0.50 0.66 0.69
Mean C3 plants (Vogts et al., 2009, this study)
Arith. aver. 10.7 30.00 30.39 29.81 30.06
Median 8.7 29.97 30.36 29.85 30.04
SD 7.1 0.9 0.8 1.1 0.9
MAD 4.5 0.6 0.5 0.7 0.7
C4 plants
Cyperaceae I 2.7 31.15 31.54 31.29 31.82
Cyperaceae II 4.4 30.70 31.30 29.73 30.70
Cyperaceae III 2.7 30.50 31.17 30.66 31.39
Poaceae I 3.8 29.87 30.79 29.25 29.87
Poaceae II 4.7 30.99 31.29 30.95 31.36
Poaceae III 4.8 30.72 31.04 31.20 31.20
Poaceae IV 8.7 30.99 31.49 31.13 31.65
Poaceae V 2.7 30.30 31.05 29.45 30.58
Poaceae VI 5.7 30.46 30.85 30.44 30.60
Poaceae VII 10.6 30.57 31.03 30.74 30.97
Poaceae VIII 6.4 29.11 30.27 28.96 29.16
Arith. aver. 5.2 30.49 31.07 30.35 30.85
Median 4.7 30.57 31.05 30.66 30.97
SD 2.5 0.6 0.4 0.8 0.8
MAD 1.5 0.3 0.2 0.5 0.4
Mean C4 plants (Rommerskirchen et al., 2006b, this study)
Arith. aver. 11.8 30.62 31.16 30.69 30.75
Median 9.4 30.76 31.16 30.83 30.85
SD 8.9 0.8 0.5 0.9 0.9
MAD 4.3 0.4 0.3 0.5 0.5

2. Leaf waxes of C3 and C4 species of Angola
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3.1.	 Abstract

An isobathic transect of marine surface sediments from 1°N to 28°S off southwest 
Africa was used to further evaluate the potential of the chain length distribution and 
carbon stable isotope composition of higher plant n‑alkanes as proxies for continen-
tal vegetation and climate conditions. We found a strong increase in the n‑C29-33 
weighted mean average δ13C values from -33‰ near the equator to around -26‰ 
further south. Additionally, C25‑35 n‑alkanes reveal a southward trend of increasing 
average chain length from 30.0 to 30.5. The data reflect the changing contribution 
of plants employing different photosynthetic pathways (C3 and C4) and/or being dif-
ferently influenced by the environmental conditions of their habitat. The C4 plant pro-
portions calculated from the data (ca. 20% for rivers draining the rain forest, to ca. 
70% at higher latitude) correspond to the C4 plant abundance in continental catch-
ment areas postulated by considering prevailing wind systems and river outflows. 
Furthermore, the C4 plant contribution to the sediments correlates with the mean 
annual precipitation and aridity at selected continental locations in the postulated 
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catchment areas, suggesting that the C4 plant fraction in marine sediments can be 
used to assess these environmental parameters.

3.2.	 Introduction

Land plant biomarkers in undisturbed sedimentary archives of ocean margins 
provide useful information about past vegetation and its climate-dependent variation 
on the adjacent continent. In previous studies, constituents of epicuticular waxes and 
their isotopic signatures were employed to unravel the influence of climate change 
on continental vegetation (e.g. Rommerskirchen et al., 2003, 2006a; Schefuß et al., 
2003a, 2005; Zhao et al., 2003; McDuffee et al., 2004; Feakins et al., 2005; Weijers 
et al., 2007; Niedermeyer et al., 2010; Tierney et al., 2010a,b). Epicuticular wax cov-
ers all aerially exposed organs of higher land plants, and in virtually all cases they 
contain long chain n‑alkanes, which are the focus of this study. After plant decay, 
the n‑alkanes can persist in soil or are, mainly in association with particulate matter, 
transported by wind and rivers to ocean sediments. 

Higher plant n‑alkanes occur typically in the C25-C35 range (Chibnall et al., 1934) 
with an odd/even carbon number predominance (Eglinton and Hamilton, 1967). It 
was suggested that plants in arid tropical and subtropical climates biosynthesise 
longer chain wax components than those in habitats of temperate regions (Gagosian 
and Peltzer, 1986); this would make their chain length distribution a potentially use-
ful proxy parameter for climatedependent vegetation change. 

The carbon stable isotope composition of n‑alkanes is a specific feature related 
to CO2 fixation pathway. Nearly 90% of the estimated 250,000 land plant species, 
i.e. almost all woody species of temperate and wet tropical regions (Sage, 2001), 
use the C3 pathway (Calvin-Benson-Bassham Cycle; Bassham et al., 1954). The 
C4 metabolism (Hatch-Slack-Cycle; Hatch and Slack, 1966) is an elaboration of 
the Calvin-Benson-Bassham Cycle and pre-concentrates CO2 by way of a complex 
biochemical process (Hatch, 1987). This CO2 concentrating mechanism prevents 
ineffective photorespiration and improves water use efficiency under environmen-
tal stress, notably high temperature, light intensity or salinity, limited water sup-
ply and/or low CO2 concentration (Downes, 1969; Björkmann, 1976). Since extra 
energy is needed for the two-step process, C4 plants successfully outcompete C3 
plants only in areas such as sunny subtropical and tropical savannas (Sage, 2004). 
The different CO2 fixation pathways cause characteristic differences in the carbon 
stable isotope composition of leaf wax lipids of -29‰ to -39‰ in C3 and -14‰ to 
-26‰ in C4 plants, respectively (Bi et al., 2005 and references therein).

Crassulacean acid metabolism (CAM) is a less common elaboration of the 
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C3 pathway (Winter et al., 2005) and is mostly used by plants populating environ-
mental niches, e.g. desert succulents and tropical epiphytes (Keeley and Rundel, 
2003). As this pathway is generally a strategy for stress survival and not for high pro-
ductivity, the contribution of CAM plants to biomass production is low (Lüttge, 2004).

This study elucidates n‑alkane characteristics in modern southeast Atlantic Ocean 
margin sediments reflecting the contribution of C3 and C4 plants from the adjacent 
African continent. Furthermore, we evaluate if the C4 plant abundance can be cor-
related with major climatic parameters (mean annual precipitation and aridity). The 
information is essential for reconstruction of palaeovegetation and palaeoclimatic 
change. To reach this goal, we analysed a transect of sediments off southwest Africa 
(1°N to 28°S) for their n‑alkane distribution patterns and the molecular carbon sta-
ble isotope composition of these biomarkers. Based on experiences from previous 
transect studies (Rommerskirchen et al., 2003), only surface sediments from similar 

Fig. 3.1: Simplified present-day land cover based on map of Mayaux et al. (2004), with generalised 
wind directions (Dupont and Wyputta, 2003) and sampling locations, as well as continental environ-
mental conditions with (a) mean annual precipitation, (b) mean annual temperature and (c) aridity 
index calculated as quotient of mean annual precipitation and potential evapotranspiration according 
to UNEP (1992). All environmental parameters were calculated for locations with ca. 350 km distance 
to the coast using the WebWIMP modeling program (Matsuura et al., 2009). Exact locations and 
values: Supplementary Table 3.S1.
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water depth were used to minimise possible effects of different transport distances 
from the continent or water column height on organic matter (OM) alteration.

3.3.	 Material and methods

3.3.1.	 Sediment material

We analysed 13 marine surface sediment samples that constitute an isobathic 
(ca. 1300 m water depth) north to south transect (1°N to 28°S) along the south-
western African continental margin. The samples were retrieved during cruises 
M34/2 and M41/1 of the German research vessel Meteor in 1996 and 1998, respec-
tively, and recovered by way of multi-corer to obtain undisturbed sediment surfaces. 
Sampling locations are displayed in Fig. 3.1 and general sample information is in 
Table 3.1. The multicores were separated into depth intervals, sealed in polyethyl-
ene bags and stored at -20°C on board and afterwards at the University of Bremen. 
Material from the topmost available sediment layers (up to 3.5 cm depth; Table 3.1) 
was freeze dried and finely ground prior to analysis.

3.3.2.	 Analytical methods 

3.3.2.1.	 Bulk parameters

Total organic carbon (TOC) content was determined as the difference between 
total C measured with a Vario EL Cube combustion instrument and inorganic C 
analysed via a UIC CO2-coulometer. For C stable isotope analysis of bulk OM, 
carbonate was dissolved by repeated addition of HCl (2 mol l-1) and drying of the 
samples at 50°C without washing, because washing has been reported to alter the 
carbon stable isotope ratio of sedimentary OM (Schubert and Nielsen, 2000). For 
analysis, a Carlo Erba Elemental Analyser 1108 was coupled to a Finnigan MAT 252 
isotope ratio mass spectrometer. Isotope composition is expressed as δ13C values 
in ‰ relative to Vienna-Pee Dee Belemnite (V-PDB). Calibration was performed by 
injecting several pulses of CO2 reference gas at the beginning and the end of each 
run. The carbon stable isotope composition of the reference gas was calibrated 
from measurements of certified standard material (IVA, high OC sediment stand-
ard, -26.1‰). This certified standard was also measured between sample runs for 
quality control with a result of -26.1 ± 0.2‰ (n= 12). Samples were run at least in 
duplicate. Results for bulk parameters are given in Table 3.1 for information.
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3.3.2.2.	 Sample extraction and compound isolation 

Sediment (9-23 g, depending on TOC content) was extracted with CH2Cl2 and 
MeOH (9/1, v/v; 3 x 5 min, 70 bar, 100°C) using an accelerated solvent extractor (ASE 
200, Dionex). Completeness of extraction was checked on random samples by way 
of repeated extraction. Squalane was added to the extracts as an internal standard. 
After removal of solvent, the extracts were re-dissolved in n‑hexane and insoluble 
components removed by filtration over NaSO4. The aliphatic/alicyclic hydrocarbons 
were separated from the n‑hexane-soluble fraction using medium pressure liquid 
chromatography (Radke et al., 1980). Prior to analysis, methyl docosanate was 
added to the hydrocarbon fraction as injection standard. 

3.3.2.3.	 Gas chromatography (GC) 

The hydrocarbon fractions were analysed using GC with an Agilent 6890 instru-
ment equipped with a cold injection system (Gerstel KAS 4), a high-temperature 
column (J&W, DB-5HT, 30 m x 0.25 mm i.d., 0.1 µm film thickness) and a flame ion-
isation detector (FID). The injector temperature was programmed from 60°C (held 
5 s) to 350°C (held 60 s) at 10°C s-1. He was used as carrier gas, and the GC oven 
was programmed from 60 °C (held 2 min) to 350°C (held 15 min) at 3°C min-1. The 
n‑alkanes were identified by comparison of relative retention times with standard 
mixtures, and abundances were calculated as µg g-1 sediment dry wt. on the basis 
of signal intensity relative to that of the internal standard (squalane) in the GC-FID 
traces. Recovery was 85% or better. The difference in response between homo-
logues of different chain length and internal standard was negligible (coefficient of 
variation <6%), and no trend in response factors with chain length was observed. 

3.3.2.4.	 Carbon stable isotope composition

The n‑alkanes were separated from the branched and cyclic saturated hydrocar-
bons using urea adduction (Rommerskirchen et al., 2006b). Carbon stable isotope 
compositions were determined using a gas chromatograph (HP 5990) coupled to 
a Finnigan MAT 252 isotope ratio mass spectrometer via a combustion interface 
(GCC-II). The GC conditions were similar to those for quantification with the excep-
tion that the injector temperature was programmed from 60°C (held 5 s) to 325°C 
(held 120 s) at 10°C s-1 and the GC oven from 60°C (held 2 min) to 325°C (held 
41 min) at 3°C min-1. 

Calibration was performed by injecting several pulses of CO2 reference gas at 
the beginning and the end of each run. The carbon stable isotope composition 
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of the reference gas was calibrated by measurements of certified standard mix-
tures. For quality control certified and lab standards (long chain alkanes and methyl 
alkanoates) were measured between sample runs. Additionally, the lab standard 
methyl docosanate of known carbon stable isotope composition (-30‰) was added 
to the samples and used for quality control (δ13C of -29.8‰ ± 0.5‰, n= 40). Sam-
ples were run at least in duplicate. 

3.3.3.	 Models and maps employed

3.3.3.1.	 WebWIMP modeling program for climatic parameters

The WebWIMP modeling program (Matsuura et al., 2009) was used to calculate 
annual mean temperature, precipitation and potential evapotranspiration. It calcu-
lates climatically averaged monthly water balance for continental locations at nodes 
of a one half of a degree of latitude by one half of a degree of longitude grid. Average 
monthly air temperature and precipitation data for weather stations are interpolated 
to the grid nodes and the grid point water balance is calculated with a modified 
Thornthwaite procedure. A limitation of the model may be the uneven spatial distri-
bution of weather stations, especially in Africa. Furthermore, the weather records 
partly cover different years and different time spans (Willmott et al., 1985).

3.3.3.2.	 Map of C4 plant abundance on the continent

The map with 1 km resolution displaying the C4 plant abundance on the continent 
(Still and Powell, 2010) is based on a pattern of regions favourable for C4 vegetation 
and satellite-based growth from fields, estimating the annual % cover by (i) small 
species, (ii) trees higher than 5 m (C3 cover) and (iii) bare soil. Plants smaller than 
5 m were further differentiated into a shrub layer (C3 cover) and herbaceous spe-
cies including grass (C4 species) with the aid of a satellite-derived land cover map 
(Mayaux et al., 2004). A limitation of the approach is its slight overestimation of the 
C4 plant abundance in some regions because it does not differentiate between her-
baceous C4 and C3 species. Furthermore, it does not take into account the amount 
of biomass produced.

3.4.	 Regional setting

3.4.1.	 Environmental conditions in southwest Africa

Southwest Africa is characterised by a distinct topography. From the equatorial 
Congo Basin (usually <500 m) the elevation increases towards the South African 

3. Southwest African deep-sea sediment transect

58



Plateau, reaching an average of 1000 m at about 10°S. Lower elevation occurs in a 
narrow strip along the coast separated from the plateau by a steep slope.

In order to depict the climatic conditions in the study area, the WebWIMP mode-
ling program (Matsuura et al., 2009) was employed for locations from 4°N to 33.5°S 
(0.5° steps) at ca. 350 km distance to the coast (data compiled in Supplementary 
Table 3.S1). This distance was chosen to avoid an influence of coastal climate, such 
as cold coastal temperatures in regions of coastal upwelling. On a large scale, mean 
annual temperature, precipitation and aridity index (calculated according to UNEP, 
1992) decrease from the equator to the south (Fig. 3.1a-c). Based on the aridity 
indices the climate is defined as being humid in central Africa. South of ca. 14°S the 
climate becomes drier and spans dry sub-humid and semiarid to arid locations. Only 
in the southernmost part of the continent does one see increases in the tempera-
ture, precipitation and aridity indices again. 

3.4.2.	 Vegetation in southwest Africa

The central African rain forest vegetation is characterised by woody C3 plants as 
the major representatives of the flora (Richards, 1996). This evergreen rain forest 
extends to about 9°S and is increasingly confined to river valleys towards its limits. 
Dry evergreen forests and, further south, forests with deciduous plants then gain 
importance. The closed forest (no grass cover) often abruptly passes into a wide 
zone of savanna, wood- and shrubland (Richards, 1996). In the savannas, decidu-
ous woody species can cover up to 60% of the area (Cole, 1986), but the amount 
of woody C3 vegetation decreases with increasing aridity at the expense of increas-
ing C4 grass abundance. In the semi-deserts on the African Plateau (Kalahari and 
Nama Karoo) C4 grass dominates the vegetation, while in the dry coastal Namib 
Desert, the vegetation is very sparse and in the Succulent Karoo succulent plants 
dominate. Towards the Cape region woody C3 vegetation becomes abundant again.

3.4.3.	 Transport pathways for plant wax lipids

3.4.3.1.	 Aeolian transport

Aeolian transport pathways of terrestrial components were calculated by Dupont 
and Wyputta (2003) for wind borne material reaching sediments off southwest Africa 
(6°S to 30°S; implemented in Fig. 3.1). They estimated the origin of the transported 
material by backwards modelled trajectories and found a good correspondence 
between the distribution patterns of pollen in marine surface sediments and the 
occurrence of the source plants on the continent. During austral summer, winds 
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blow from the Atlantic towards the continent or parallel to the coast. Thus, there is 
little transport of terrestrial material to the ocean during this season. Only for the 
equatorial sites is there some mid-tropospheric transport by Harmattan winds from 
north-central Africa. The main seaward transport from the continent occurs during 
austral fall and winter when easterly and southeasterly winds prevail. South of 25°S, 
winds blow mostly from the west and southwest, so the aeolian supply of terrige-
nous material is very low. There may be some potential for long-range transport 
from South America but neither mid- nor low-tropospheric trajectories calculated by 
Dupont and Wyputta (2003) pass over parts of the South American continent. 

3.4.3.2.	 Riverine transport

In contrast to the coverage of wide ocean areas by wind, most of the fluvially 
transported material is deposited near river mouths (Burdige, 2005). Rivers trans-
port large amounts of dissolved and particulate organic matter to the oceans, and it 
has been shown that n‑alkanes in marine sediments off rivers reflect the vegetation 
in their catchment areas (Bird et al., 1995; Schefuß et al., 2004; Weijers et al., 2009). 
In the study area, the Congo River system is the largest and the second biggest in 
the world regarding the outflow at the mouth (Dai and Trenbeth, 2002). The outflow 
of other rivers in the study area is lower by a factor of ca. 10 for the Ogooué (ca. 1°S) 
and the Orange (28.5°S) and by a factor of ≥50 for other rivers (e.g. Kunene, 17°S; 
Heyns, 2003; Nilsson et al., 2005). However, the river outflow data reflect only the 
quantity of water and not the amount of n‑alkanes. Directly determined quantitative 
data for n‑alkane discharge to ocean sediments by these rivers are not available.

3.5.	 Results and discussion

3.5.1.	 n‑Alkane composition

3.5.1.1.	 Absolute abundance

Long chain n‑alkanes in the range C25-C35 had a summed abundance between 
0.9 and 4.7 mg kg-1 sediment dry wt. (Table 3.2). The lowest abundance was deter-
mined for the southernmost site, likely a result of the low offshore transport of ter-
restrial material due to the prevailing westerly winds, in agreement with findings by 
Rommerskirchen et al. (2003). The abundances were highest off the Ogooué and 
Congo River mouths, reflecting the massive transport of terrestrial material by these 
river systems, as also observed by Schefuß et al. (2004). 
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3.5.1.2.	 Carbon preference index (CPI)

The C27-C33 n‑alkanes showed a strong odd/even predominance of >3.9 (carbon 
preference index, CPI27‑33; Table 3.2; note: range selected to match that of the other 
studies referred to) typical for their origin from higher land plant wax and similar to 
the values found by Rommerskirchen et al. (2003) and Schefuß et al. (2004) for the 
same area. In contrast, McDuffee et al. (2004) reported lower CPI27‑33 values of 
1.3-2.7 for n‑alkanes in sediments from the same or very similar locations and water 
depth. But McDuffee et al. (2004) employed a different work-up procedure, includ-
ing saponification of the sediment, isolation of the n‑alkanes with molecular sieve 
(subsequently liberated by HF digestion), and removal of unsaturated hydrocarbons 
by oxidation with RuO4, although none of these steps should influence the CPI of 
alkanes. Our analytical protocol did not include removal of unsaturated hydrocar-
bons but in our samples n‑alkenes were not abundant and do not co-elute with the 
n‑alkanes under the GC conditions employed. 

A distinct trend in CPI values from ca. 4 in the north to values near 7 off savan-
nah regions was observed (Fig. 3.2a). A changing contamination with natural petro-
leum or refinery products, contributing homologous series of n‑alkanes with low 

Fig. 3.2: Simplified present-day land cover based on Mayaux et al. (2004) with sampling locations 
of the north to south transect and graphs of sediment analysis results with (a) CPI for n‑alkanes with 
27-33 carbon atoms (CPI27‑33), (b) relative abundance of individual n‑alkanes and (c) ACL for n‑C25 
to n‑C35 alkanes (ACL25‑35).
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CPI values (ca. 1) could explain the trend. But even though mass spectral analysis 
showed the presence of minor amounts of 17α-hopanes, indicating fossil material, 
the 17α-hopane abundance was similar for the samples with lowest and highest CPI 
values. Moreover, the occurrence of small amounts of mature polycyclic saturated 
hydrocarbon biomarkers in ocean surface sediments without corresponding oil-like 
n‑alkanes is quite common and has been attributed to an admixture of eroded mate-
rial from land (e.g. Rullkötter et al., 1984). The contribution of n‑alkanes from eroded 
older terrestrial material is assumed to be low because previous studies showed 
that dust and sediment samples off southwest Africa predominantly mirrored recent 
continental vegetation (Rommerskirchen et al., 2003; Schefuß et al., 2003b, 2004). 
Furthermore, the leaf wax signal of present vegetation or OM of contemporary soils 
can be assumed to rapidly overprint contributions from older sediments or soils or 
from anthropogenic components (Simoneit et al., 1988; Simoneit, 1997; Schefuß et 
al., 2003b).

Alternatively, the trend in CPI values may be caused by plants exhibiting differ-
ent n‑alkane CPI values. Analysis of rain forest and savannah C3 plants did not, 
however, reveal statistically significant differences in n‑alkane CPI ratio (Vogts et 
al., 2009). Thus, the most likely cause for the trend in CPI values is the extent of 
degradation taking place after the decay of plants and/or their wax-containing parts. 
In eastern China, Rao et al. (2009) observed higher n‑alkane CPI values in colder 
and drier areas vs. wetter and warmer tropical soils, i.e. moisture – not unexpect-
edly – appears to be required for rapid (microbial) degradation. This corresponds to 
our observation that higher values were observed off drier regions than off the moist 
rain forests. There may be an additional effect on CPI due to transport pathways. In 
particular, the southern sites receive mainly aeolian material presumably removed 
directly from the plant by sand blasting during storms (Cleugh et al., 1998) or by 
evaporation during forest fires (Simoneit et al., 1977). The n‑alkane distributions in 
these cases are assumed to remain relatively unchanged, i.e. close to the plant wax 
composition. 

3.5.1.3.	 Chain length distribution

The C29, C31 and C33 n‑alkanes had the highest abundance in all transect sam-
ples. Distinct trends in their relative abundance are displayed in Fig. 3.2b. The abun-
dance of shorter chain alkanes, common in the wax layers of submerged plants 
(Ficken et al., 2000), was low (Table 3.2) indicating that submerged plants contrib-
ute little to the sedimentary alkanes and do not affect the interpretation regarding 
land plants. Near the equator, C29 dominates the distributions; this corresponds 
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well with lipid data for rain forest plants, in which it is the most abundant homologue 
(Vogts et al., 2009). Southwards, its relative abundance decreases, and at 12°S the 
abundance of C29 and C31 is almost identical. The increasing amount of C31 mirrors 
the continental transition from closed forest to open woodland because C31 is the 
dominant homologue of plant wax in open savanna regions (Rommerskirchen et al., 
2006b; Vogts et al., 2009). At 15°S and further south, C33 is the second-most abun-
dant homologue, while the abundance of C29 further declines. This is consistent 
with the decreasing importance of woody vegetation and the increase in C4 grass, 
in which C33 is particularly abundant (Rommerskirchen et al., 2006b; Vogts et al., 
2009). 

The changing abundance of individual n‑alkanes is numerically displayed by the 
average chain length (ACL). Near the equator, ACL25‑35 was around 30.1 (Table 3.2; 
Fig. 3.2c). At 10°S, the ratio started to increase and reached values of 30.5 in 
the south. ACL25‑35 ratios for Holocene sediments of this region calculated from 
Rommerskirchen et al. (2003) are in the same range but dust samples exhibited lower 
ACL25‑35 values of 26-29 (Schefuß et al., 2003b). McDuffee et al. (2004) employed 
a slightly different chain length interval and used the ACL25‑33 value, which we also 
calculated for our samples (Table 3.2). Even though both studies employed samples 
from similar sampling locations the ACL25‑33 values of McDuffee et al. (2004) were 
0.8-1.6 lower than those in this study. Above this, the trend to higher values for the 
southern samples was less pronounced in the study of McDuffee et al. (2004). As 
mentioned before, the cause of this is unknown. 

ACL25‑35 values for the northern sediments in this study were higher than those 
calculated for C3 rain forest plant material analysed by Vogts et al. (2009). The 
discrepancy may be due to the limited plant database but some contribution of C4 
grass wax with longer chain n‑alkanes to the northern sites also appears possible. 
As postulated in previous studies (Rommerskirchen et al., 2003, 2006a; Schefuß et 
al., 2004) such C4 plant material can reach the northern sites via long-range aeolian 
transport from north-central Africa or may originate from rain forest swamps where 
C4 grass dominates, e.g. those of the genus Cyperus (like papyrus). However, since 
the overall n‑alkane characteristics of tropical swamp C4 grass are unknown, their 
influence on the ACL remains speculative. At the southern sampling sites, the sed-
imentary ACL25‑35 values are higher than in the north but do not resemble those of 
C4 grass calculated from the dataset presented by Rommerskirchen et al. (2006b), 
indicating a strong but not exclusive C4 plant contribution. 
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3.5.2.	 Carbon stable isotope composition

The dominant n‑alkanes have carbon stable isotope ratio values from -34‰ to 
-25‰ (Table 3.3), i.e. in the range of values determined in other studies (Huang et 
al., 2000; Rommerskirchen et al., 2003; McDuffee et al., 2004; Schefuß et al., 2004). 
As these long chain alkanes are not common in marine organisms (Chikaraishi and 
Naraoka, 2003; Mead et al., 2005) and hopane and CPI analysis indicated only a 
very minor contamination with petroleum n‑alkanes, if at all, we are confident that 
the observed trends of the n‑alkane carbon stable isotope composition are related 
to the terrestrial plant origin of these compounds. 

Most obvious is a trend to less negative δ13C values from north to south, virtually 
parallel for the three individual n‑alkanes depicted in Fig. 3.3a. This is caused by a 
dominance of C3 plant material from woody vegetation in the northern part of the 
transect and an increasing contribution of C4 grass further south. The most nega-
tive values were observed off the Ogooué and Congo River mouths, with values on 
average 2‰ lower than at other locations off the rain forest. These low values may 
be related to either one or a combination of the following phenomena: First, there 
may be a more pronounced dominance of C3 plant discharge at the river mouths, 
reflecting the vegetation in the catchment area. For the other locations off the rain 
forest, the C3 plant signal may be slightly overprinted by an aeolian C4 plant signal 
from more distant savanna regions. A second possible explanation may be the het-
erogeneity in carbon stable isotope signature of rain forest plants. Plant parts grow-
ing under the canopy show more negative δ13C values than those of the tree crowns 

No. δ13C29 δ13 C31 δ13 C33 δ13CWMA29‑33
1 -31.6 ± 0.2 -30.2 ± 0.0 -27.6 ± 0.1 -30.3 ± 0.1
2 -34.1 ± 0.4 -33.2 ± 0.2 -30.6 ± 0.2 -33.2 ± 0.3
3 -32.3 ± 0.1 -31.6 ± 0.1 -28.9 ± 0.2 -31.4 ± 0.1
4 -32.0 ± 0.3 -30.6 ± 0.2 -27.9 ± 0.3 -30.7 ± 0.3
5 -33.0 ± 0.0 -32.3 ± 0.2 -29.6 ± 0.4 -32.1 ± 0.2
6 -31.8 ± 0.2 -31.2 ± 0.3 -27.7 ± 0.3 -30.8 ± 0.2
7 -30.8 ± 0.1 -29.8 ± 0.1 -26.3 ± 0.2 -29.4 ± 0.1
8 -29.6 ± 0.2 -28.3 ± 0.1 -26.0 ± 0.1 -28.3 ± 0.2
9 -27.9 ± 0.2 -27.0 ± 0.2 -25.6 ± 0.3 -26.9 ± 0.2

10 -28.2 ± 0.1 -26.8 ± 0.3 -25.8 ± 0.2 -26.9 ± 0.2
11 -27.1 ± 0.2 -25.2 ± 0.1 -24.7 ± 0.2 -25.5 ± 0.2
12 -28.2 ± 0.3 -25.6 ± 0.1 -24.9 ± 0.2 -26.0 ± 0.1
13 -28.6 ± 0.0 -26.1 ± 0.1 -24.9 ± 0.2 -26.3 ± 0.1

Table 3.3: Stable carbon isotope composition of major terrestrial n‑alkanes with standard deviation 
(1σ) of measurements as well as weighted mean average (WMA).
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(Medina and Minchin, 1980). Thus, rivers may predominantly transport the more 
negative signal of the understory rain forest even though parts of the upper canopy 
also reach the rivers. In contrast, the wind load reflects the abrasion of isotopically 
less negative plant constituents solely from the upper canopy. The assumed C3 
“river signal” in the carbon stable isotope composition is, however, not paralleled by 
the ACL values. The reason for this discrepancy is unknown. 

At all locations, the δ13C values increase from C29 to the higher homologues, 
because C4 plants produce higher proportions of longer chain n‑alkanes than C3 
species (Rommerskirchen et al., 2006b; Vogts et al., 2009). At the northern sites, 
the δ13C values of C31 are closer to those of C29, whereas they resemble more the 
values of C33 at the southern sites (Fig. 3.3a). This shift relative to the other homo-
logues reflects the predominant C3 plant origin at the northern sites and the increas-
ing contribution of C4 plant material in the south. Thus, the trend to less negative 

Fig. 3.3: Simplified present-day land cover based on Mayaux et al. (2004) with sampling locations 
of the north to south transect and graphs of sediment analysis results with (a) stable carbon isotope 
composition of dominating n‑alkanes (‰), (b) comparison of results for the stable carbon isotope 
composition of the n‑C29 alkane for our study (black circles) and with literature data (grey symbols) 
and (c) calculated C4 plant abundance based on ACL of n‑C25 to n‑C35 alkanes (ACL25‑35, black 
squares) as well as on stable carbon isotope composition of the n‑C31 alkane (black circles).
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values from equatorial to southern sites is more pronounced for C31. 
A combined plot of our results for n‑C29 alkane together with literature data from 

the same region (Huang et al., 2000; Rommerskirchen et al., 2003; McDuffee et 
al., 2004; Schefuß et al., 2004) is shown in Fig. 3.3b. The comparison is restricted 
to sediments derived from a water depth between 500 and 2500 m in order to limit 
possible effects of water column height or increasing offshore transport distance on 
OM transformation. Even though there is some variation in the combined dataset, 
the general trend to less negative values from the equator to the south is recognis-
able and mirrors the increasing extension of C4 plant-dominated grassland on the 
continent. The largest variation in δ13C29 values were observed for the northern 
part of the study area. This is attributed to the different distances of the sampling 
locations to the river mouths and river plumes, where the amounts of riverine and 
aeolian material (and accordingly the abundance of C4 plant-derived wax alkanes) 
may vary significantly over short distances. 

3.6.	 Reconstructing C4 plant contribution

On the basis of n‑alkane parameters, a binary mixing equation was used to cal-
culate the abundance (%) of C4 plant material in sediments. The equation used is:

              
         

 
 
Equation 3.1

where X is the ratio of n‑alkanes (ACL or δ13C) extracted from the sediment (S) or 
from the leaf wax of the C3 or C4 plants, respectively. Crucial for such calculations 
is the availability of suitable plant end member data. While Rommerskirchen et al. 
(2006b) presented such data for C4 grasses, C3 plant values are more heterogene-
ous. As an approximation, the mean values of two datasets for African rain forest 
and savanna plants (Vogts et al., 2009) were averaged. The averaged δ13C values 

End member data for δ13C29 δ13C31 δ13C33 δ13CWMA29‑33 ACL25‑35
C3 plants a -35.4±2.6 -35.7±2.8 -35.3±1.9 -35.6±2.6 29.7±1.0
C4 grass b -21.6±2.0 -22.1±2.1 -22.2±1.8 -22.0±1.9 30.8±0.9

a Data for C3 plants: Mean of two averaged datasets for 24 rain forest and 44/45 savannah C3 
plants analysed by Vogts et al. (2009); number of plants for averaging: 68 for δ13C and 69 for 
ACL25‑35, respectively.
b Data for C4 plants from Rommerskirchen et al. (2006b); number of plants for averaging: 33 for 
δ13C and 178 for ACL25‑35 ratios, respectively.

Table 3.4: End member data and results with standard deviations. The standard deviations display 
the variation width within the dataset and do not represent the analytical error.
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fall between values employed in other studies (Rommerskirchen et al., 2003; Sche-
fuß et al., 2004); ACL values were not used in these studies. The end member val-
ues for calculating the mixing ratios are compiled in Table 3.4.

The binary mixture calculations ignore CAM plants. In the study area CAM plants 
are only abundant in the Succulent Karroo, a ca. 250 km wide strip along the coast 
from ca. 27°S to 34°S (Milton et al., 1997). From this region aeolian offshore trans-
port is low and the main contribution to the sediments is assumed to derive from the 
Orange River which transports mainly river bank material lean in CAM plants. Above 
this, the contribution of CAM-utilising plants to biomass production is low (Lüttge, 
2004). Thus, neglecting CAM plants in our attempt to assess gross continental veg-
etation patterns from a continental margin geological archive appears justified. 

3.6.1.	 Calculations based on δ13C values

The carbon stable isotope composition used for the calculation of C4 plant abun-
dance is a parameter directly linked to the metabolic pathway of the plants. The 
results of our calculations of C4 plant proportion based on the dominant n‑alkanes 
depend largely on the homologues used (Table 3.5). For instance, using C29 and 
C31 gives differences of up to 22%. But if the results for the two most abundant 
homologues in a particular sample are compared (bold values in Table 3.5) the 

No. Calculated C4 plant contribution to sediments (%) based on
δ13C29

a,b δ13C31
a,b δ13C33

a,b δ13CWMA29‑33
b ACL25‑35

1 28±2 40±0 59±1 39±1 26
2 10±3 18±2 36±1 18±2 31
3 23±1 30±0 49±1 31±1 29
4 25±2 37±1 57±3 36±2 32
5 17±0 25±2 43±3 26±1 15
6 26±1 33±2 58±2 35±2 11
7 34±1 44±1 69±2 45±1 35
8 42±2 54±1 71±1 54±1 43
9 54±1 64±1 74±2 64±2 72

10 52±1 65±2 73±1 64±2 74
11 60±1 77±1 81±1 74±1 74
12 53±2 75±0 80±1 71±1 74
13 49±0 71±0 79±1 69±1 75

a Bold values refer to two most abundant homologues.
b Standard deviation (1σ) calculated from standard deviation of sediment analyses.

Table 3.5: Calculations of abundance of C4 plant-derived material at the sample locations based on 
different n‑alkane-based parameters.

3. Southwest African deep-sea sediment transect

68



differences in C4 plant proportion do not exceed 12%. Despite these variations, our 
results derived from carbon stable isotope data are in the range of those based on 
pollen abundance and δ13C values of n‑alkanes and n‑alkan-1-ols presented by 
Rommerskirchen et al. (2003) and Schefuß et al. (2004). 

Based on n‑C31, a C4 contribution of ca. 30% was calculated for the equatorial 
locations, with a lower C4 plant contribution (20%) off the major rivers (Fig. 3.3c). 
This means that an exclusive C3 signal was not observed at any of the sediment 
sampling locations and that C4 plant material was transported to all the sites, either 
by wind from larger distances or by rivers from C4 plants growing in the rain forest 
(e.g. swamps with papyrus). For the southern sites, a C4 plant abundance of ca. 
70% was calculated (Fig. 3.3c). 

Some studies have employed weighted mean averages of carbon stable isotope 
ratio values for the calculation of C4 plant abundance. Applying this method to the 
n‑C27 to n‑C35 (not displayed) and the n‑C29 to n‑C33 alkanes (Table 3.5) yielded 
results closely resembling those based on n‑C31 alone. Thus, at least for the present 
dataset there was no benefit from using weighted mean averages. 

3.6.2.	 Calculations based on ACL

Other than carbon isotopes, the chain lengths of wax alkanes are not directly 
related to the photosynthetic pathway of the plants. It is more likely that the environ-
mental conditions, under which the different plants types thrive, determine the alkane 
chain length and, since C3 and C4 plants have different abundances in certain hab-
itats, provide an indirect empirical relationship between plant type and wax compo-
sition. Studies of the n‑alkane characteristics of African plants have at least shown 
that not only δ13C values but also ACL25‑35 values differ between C3 and C4 plants 
(Rommerskirchen et al., 2006b; Vogts et al., 2009). Employing the ACL parameter 
to the calculation of C4 plant abundance shows that the results roughly match those 
based upon the carbon stable isotope composition (Table 3.5, Fig. 3.3c). 

The slight discrepancies may partly be caused by limitations of the end member 
values used in the calculations. The plant database mainly comprises one sample 
per species and does not take into account potential variation in the n‑alkane distri-
bution patterns due to different growth conditions. Also, the database for C3 plants 
may not fully represent the actual transfer of wax components to the geological 
archives. In particular, the average was calculated from non-weighted single spe-
cies data and neglects the possibility that certain species with a distinct distribution 
pattern may dominate the vegetation in a given region and thus also the transfer of 
wax n‑alkanes into the continental margin sediments. 
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3.6.3.	 Significance of calculated C4 plant contribution

The contribution of C4 plant material in the sediments calculated from the carbon 
isotope composition of C31 was compared with a map showing the proportion (%) 
of plants that use the C4 metabolic pathway (Still and Powell, 2010; Fig. 3.4). Pos-
tulated transport scenarios and resulting relative abundances are explained below 
and compiled in Table 3.6. 

C4 plant proportion of 18-40% calculated for sediment locations 1-4 does not 
reflect the C4 plant abundance in the rain forest at the same latitude (maximum 
10% along the equator, increasing to 20% further south). Thus, additional long-
range transport of aeolian material by, e.g. Harmattan winds from north-central 
Africa (Schefuß et al., 2003b) carrying material with ca. 80% C4 signature probably 
contributes to these sediments. This effect should be highest for the northern site 
(40% C4), decrease further south (20%) and be of low significance off the Ogooué 
river (10%), where the fluvial signal dominates the sediment material. 

Fig. 3.4: Colour-coded map of proportion (%) of continental vegetation using the C4 pathway (Still 
and Powell, 2010), with wind trajectories (Dupont and Wyputta, 2003) and sampling locations. White 
areas represent either 100% C3 vegetation (e.g. central African rain forest) or absence of vegetation 
(e.g. Namib Desert).
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The C4 abundance calculated from the sediment at location 5 off the Congo River 
(25%) roughly corresponds to the C4 plant abundance in the catchment area (20%). 
Apparently, the intense river drainage overprints any contribution of windblown 
material of different origin.

For locations 6-8 the calculated C4 plant proportion (30-50%) does not match 
the continental abundance of C4 plants at the same latitude (up to 20%). However, 
wind trajectories contributing to these sediments originate from an east-southeast 
direction (Dupont and Wyputta, 2003). This may explain the values calculated for 
the sediments, as winds from east-southeast partly pass over areas with higher C4 
plant abundance. Further south, adjacent to ocean margin sites 9 and 10, continen-
tal vegetation is divided into a more C3 dominated region closer to the coast and an 
area with high C4 plant abundance further inland. Obviously, the zonal wind trans-
ports this mixture of plant material to the sediments, leading to the calculated values 
of about 60% C4 plant material. 

Locations 11-13 revealed the highest proportion of C4 material in the sediments 
(>65%) reflecting the high abundance of C4 plant wax transported offshore by nearly 
zonal winds at location 11 and east-northeasterly winds at location 12. The Orange 
River may transport most of the terrigenous material to the sediments at the south-
ernmost site 13 because winds blow mainly parallel to the coast or towards the 
continent in this area (Dupont and Wyputta, 2003).

3.6.4.	 Correlation of environmental parameters with C4 plant abundance

The rough estimate of scenarios presented above is able to explain the abun-
dance of C4 plant material in the sediment samples (Table 3.6), which enables the 
application of the postulated transport pathways to infer the environmental condi-
tions in the catchment area. Sampling sites 1-4 were discounted in the assessment 
because they potentially received a significant amount of aeolian material from dis-
tant locations in the north with unconstrained climatic conditions. For the other sam-
pling locations mean annual precipitation and potential annual evapotranspiration 
along the postulated transport pathways were calculated with the WebWIMP mod-
eling program (Matsuura et al., 2009). The aridity index was calculated according 
to UNEP (1992) as a quotient of mean annual precipitation and potential annual 
evapotranspiration in order to elucidate not only the actual precipitation but the dry-
ness the plants have to tolerate. Other parameters influencing C4 plant abundance 
such as temperature and light, the primary needs of C4 plants (Sage, 2001), are not 
limiting factors in this region. Secondary aspects like seasonality of rainfall, edaphic 
characteristics, fire and grazing stress are important as well but these more local 
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aspects are not addressed in this continent-wide study.
The continental locations selected for calculation of environmental parameters 

were at the same latitude as the sampling locations for sampling sites 5, 9 -11 and 
13. For sites 6-8 locations were in an east-southeast and for site 12 in an east-north-
east direction. Climatic parameters were calculated for locations of ca. 150-400 km 
inland (every 50 km; values are provided as Supplementary Table 3.S2). A minimum 
distance inshore of 150 km was employed to avoid the influence of coastal climate, 
such as low precipitation due to cold temperatures in coastal upwelling regions. 

Pearson correlation factors from these calculations are compiled in Table 3.7. 
Locations ca. 350 km from the coast gave the highest correlation coefficients 
(Fig. 3.5). For mean annual precipitation high negative correlation factors (99% sig-
nificance) were obtained for all distance intervals (Table 3.7). For the aridity indices 

Fig. 3.5: Correlation of contribution of C4 plant material calculated from stable carbon isotope com-
position of the n‑C31 alkane with (a) mean annual precipitation and (b) aridity index of locations in 
the potential catchment area. Climatic parameters are based on calculations for continental locations 
of ca. 350 km distance to the coast using the WebWIMP modeling program (Matsuura et al., 2009). 
Correlations are significant at 99% level (p <0.01). Grey symbols present values for locations 1-4, 
which were not taken into account for the correlation calculations.

 Distance to coast
 150 km 200 km 250 km 300 km 350 km 400 km

Mean annual precipitation -0.81 -0.85 -0.89 -0.90 -0.95 -0.95
Aridity index b -0.61 -0.71 -0.78 -0.82 -0.92 -0.91

a Bold values significant at 99% level (p <0.01).
b Calculated as quotient of mean annual precipitation and potential evapotranspiration according to 
UNEP (1992).

Table 3.7: Pearson correlation coefficients (r) of C4 material abundance in sediments calculated from 
the stable carbon isotope composition of the n‑C31 alkane with mean annual precipitation and aridity 
index for postulated punctual catchment areas along the transect at given distances to the coast.a
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correlation of similar significance were obtained for distances of 200-400 km from 
the coast (Table 3.7). The significance of the correlations suggests that, at least in 
this region, precipitation and aridity are major factors influencing the C3/C4 plant dis-
tribution reflected in the sediment record. This corresponds to satellite-based anal-
yses by Still and Powell (2010), who showed a strong relationship between mean 
annual precipitation and the carbon isotopic composition of continental vegetation 
in Africa. 

We cannot exclude the possibility that other parameters (seasonality of rain fall, 
fire intensity, edaphic characteristics, grazing) may affect the correlation. Over geo-
logical timescales changes in irradiation, temperature, wind systems and CO2 con-
centration may also have an influence. In order to verify the robustness of these 
correlations more detailed information and/or independent proxies about the plant 
end members, vegetation composition, erosion processes, transport pathways and 
source regions is needed. 

3.7.	 Conclusions

This study corroborates the potential of long chain n‑alkanes for the reconstruc-
tion of continental vegetation. From the equator to the south, characteristic trends 
to longer chain length and less negative carbon stable isotope ratio values were 
observed in ocean margin sediments along the southwest African continent. Both 
characteristics can be used to assess the contribution of C4 material to the sedi-
ments because carbon stable isotope composition, as well as chain length distin-
guishes C3 from C4 plant wax n‑alkanes. The calculated values for the proportion 
of C4 plant material in the sediments exhibit strong correlation with C4 abundance 
in continental catchment areas postulated with respect to wind trajectories and river 
systems. The C4 contribution to the sediments correlates significantly with the mean 
annual precipitation and the aridity indices in selected catchment areas. 
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3.9.	 Supplementary Tables

Supplementary Table 3.S1: Locations employed for calculations of continental environmental con-
ditions with the WebWIMP Modelling program and values obtained as displayed in Fig. 3.1.

Latitude
Longitude at ca. 
350 km distance 

to coast (°E)

Mean annual 
temperature 

(°C)

Mean annual 
precipitation 

(mm)

Potential evap-
otranspiration 

(mm)
Aridity index

4.0°N 12.5 23.5 1585 1188 1.33
3.5°N 13.0 23.1 1634 1148 1.42
3.0°N 13.0 23.5 1640 1183 1.39
2.5°N 13.0 23.7 1642 1209 1.36
2.0°N 13.0 23.5 1639 1184 1.38
1.5°N 12.5 23.1 1680 1138 1.48
1.0°N 12.5 23.2 1696 1150 1.47
0.5°N 12.5 23.6 1668 1198 1.39
0.0° 12.5 23.5 1672 1188 1.41

0.5°S 12.5 23.8 1733 1213 1.43
1.0°S 12.0 22.7 1720 1106 1.56
1.5°S 12.5 22.2 1851 1059 1.75
2.0°S 12.5 23.2 1732 1160 1.49
2.5°S 13.0 23.2 1717 1158 1.48
3.0°S 13.5 22.4 1686 1078 1.56
3.5°S 14.0 24.0 1525 1251 1.22
4.0°S 14.5 23.0 1405 1140 1.23
4.5°S 15.0 24.0 1353 1250 1.08
5.0°S 15.0 23.4 1553 1173 1.32
5.5°S 15.5 22.6 1510 1096 1.38
6.0°S 15.5 23.9 1393 1240 1.12
6.5°S 15.5 23.0 1361 1134 1.20
7.0°S 16.0 23.4 1416 1178 1.20
7.5°S 16.0 22.5 1288 1095 1.18
8.0°S 16.5 24.0 1221 1241 0.98
8.5°S 16.5 24.4 1263 1300 0.97
9.0°S 16.0 21.4 1088 1001 1.09
9.5°S 16.5 21.2 1220 982 1.24

10.0°S 16.5 21.7 1225 1017 1.20
10.5°S 17.0 21.8 1269 1028 1.23
11.0°S 17.0 20.5 1284 941 1.36
11.5°S 17.0 20.5 1228 939 1.31
12.0°S 17.0 20.2 1207 923 1.31
12.5°S 16.5 19.1 1232 865 1.42
13.0°S 16.0 19.7 1196 896 1.33
13.5°S 16.0 19.9 1118 907 1.23
14.0°S 15.5 20.9 1048 978 1.07
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Supplementary Table 3.S1 (continued)

Latitude
Longitude at ca. 
350 km distance 

to coast (°E)

Mean annual 
temperature 

(°C)

Mean annual 
precipitation 

(mm)

Potential evap-
otranspiration 

(mm)
Aridity index

14.5°S 15.5 20.6 930 960 0.97
15.0°S 15.5 21.9 782 1075 0.73
15.5°S 15.5 22.3 681 1106 0.62
16.0°S 15.0 23.4 662 1233 0.54
16.5°S 15.0 22.9 586 1179 0.50
17.0°S 15.0 22.9 504 1182 0.43
17.5°S 15.0 23.0 416 1196 0.35
18.0°S 15.0 22.9 415 1186 0.35
18.5°S 15.5 22.7 406 1167 0.35
19.0°S 16.0 22.6 418 1158 0.36
19.5°S 16.0 20.8 430 999 0.43
20.0°S 16.5 19.3 461 911 0.51
20.5°S 16.5 17.7 474 831 0.57
21.0°S 17.0 19.6 358 932 0.38
21.5°S 17.0 18.5 408 870 0.47
22.0°S 17.5 18.4 387 874 0.44
22.5°S 18.0 19.5 315 943 0.33
23.0°S 18.0 19.9 262 971 0.27
23.5°S 18.0 20.2 237 989 0.24
24.0°S 18v 20.4 211 1011 0.21
24.5°S 18.0 20.0 229 989 0.23
25.0°S 18.5 20.3 216 1018 0.21
25.5°S 18.5 20.1 216 1005 0.21
26.0°S 18.5 20.7 198 1045 0.19
26.5°S 18.5 20.8 184 1054 0.17
27.0°S 18.5 16.5 170 806 0.21
27.5°S 19.0 19.1 144 948 0.15
28.0°S 19.5 19.4 129 974 0.13
28.5°S 20.0 19.3 137 966 0.14
29.0°S 20.5 19.4 150 983 0.15
29.5°S 20.5 18.5 152 927 0.16
30.0°S 21.0 18.4 175 921 0.19
30.5°S 21.0 16.9 181 842 0.21
31.0°S 21.5 15.7 206 789 0.26
31.5°S 21.5 14.9 200 755 0.26
32.0°S 22.0 17.1 208 834 0.25
32.5°S 22.0 17.3 201 836 0.24
33.0°S 21.5 17.2 219 828 0.26
33.5°S 22.0 16.0 378 774 0.49
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Supplementary Table 3.S2: Data of locations employed as representatives of potential catchment 
areas. Values were used for the calculation of correlation coefficients (Table 3.7). Data of environ-
mental conditions were derived from the WebWIMP modeling program (Matsuura et al., 2009). Arid-
ity index calculated according to UNEP (1992).

Distance to coast (km)
 150 km 200 km 250 km 300 km 350 km 400 km
Latitude (°N) 1 1 1 1 1 1
Longitude (°E) 11.0 11.5 12.0 12.5 13.0 13.5
Mean annual temperature (°C) 23.5 24.4 24.5 23.6 23.3 23.4
Mean annual precipitation (mm) 2101.1 1835.2 1647.8 1665.9 1653 1591
Potential evapotranspiration (mm) 1292 1305 1198 1150 1164 1177
Aridity index 1.6 1.4 1.4 1.4 1.4 1.4
Latitude (°S) 0.5 0.5 0.5 0.5 0.5 0.5
Longitude (°E) 10.0 10.5 11.0 11.5 12.0 12.5
Mean annual temperature (°C) 25.9 25.8 25.8 25.8 23.6 23.8
Mean annual precipitation (mm) 1971.6 2027.5 2027.5 2027.5 1708.2 1734.6
Potential evapotranspiration (mm) 1512 1500 1222 1130 1200 1213
Aridity index 1.3 1.4 1.7 1.8 1.4 1.4
Latitude (°S) 2 2 2 2 2 2
Longitude (°E) 10.5 11.0 11.5 12.0 12.5 13.0
Mean annual temperature (°C) 25.6 24.3 23.3 24.2 23.2 22.9
Mean annual precipitation (mm) 1890.6 1872 1837.9 1738.9 1730.6 1816.4
Potential evapotranspiration (mm) 1481 1290 1171 1276 1160 1129
Aridity index 1.3 1.5 1.6 1.4 1.5 1.6
Latitude (°S) 3.5 3.5 3.5 3.5 3.5 3.5
Longitude (°E) 12.0 12.5 13.0 13.5 14.0 14.5
Mean annual temperature (°C) 25.5 25.4 23.6 22.1 24.0 22.8
Mean annual precipitation (mm) 1224.1 1261.2 1455.9 1416.8 1525.3 1697.6
Potential evapotranspiration (mm) 1457 1439 1208 1056 1251 1115
Aridity index 0.8 0.9 1.2 1.3 1.2 1.5
Latitude (°S) 5.5 5.5 5.5 5.5 5.5 5.5
Longitude (°E) 13.5 14.0 14.5 15.0 15.5 16.0
Mean annual temperature (°C) 23.8 23.9 24.3 23.0 22.6 23.4
Mean annual precipitation (mm) 1096.2 1222.6 1297.8 1311.4 1509.7 1531.9
Potential evapotranspiration (mm) 1233 1240 1289 1140 1096 1181
Aridity index 0.9 1.0 1.0 1.2 1.4 1.3
Latitude (°S) 9.5 9.5 10 10 10.5 10.5
Longitude (°E) 14.5 15.0 15.5 16.0 16.0 16.5
Mean annual temperature (°C) 24.8 22.9 20.7 21.5 19.2 22.0
Mean annual precipitation (mm) 948.2 1035.8 1126.7 1175.4 1236.8 1266.9
Potential evapotranspiration (mm) 1432 1218 1126 1083 1242 1189
Aridity index 0.7 0.9 1.2 1.2 1.4 1.2
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Supplementary Table 3.S2 (continued)

Distance to coast (km)
 150 km 200 km 250 km 300 km 350 km 400 km
Latitude (°S) 11.5 11.5 12 12 12.5 12.5
Longitude (°E) 15.0 15.5 16.0 16.0 16.5 17.0
Mean annual temperature (°C) 21.0 20.7 21.5 21.7 19.1 20.7
Mean annual precipitation (mm) 1218.9 1256.3 1256.6 1256.6 1229.9 1228.4
Potential evapotranspiration (mm) 969 952 1005 1017 985 950
Aridity index 1.3 1.3 1.5 1.5 1.4 1.3
Latitude (°S) 13 13 13.5 13.5 14 14
Longitude (°E) 13.0 13.0 13.5 13.5 14.0 14.0
Mean annual temperature (°C) 19.4 19.4 20.0 19.9 20.6 20.4
Mean annual precipitation (mm) 1210.8 1210.8 1147.8 1116.8 1006.9 1017.6
Potential evapotranspiration (mm) 917 975 866 861 923 994
Aridity index 1.4 1.4 1.3 1.2 1.0 1.1
Latitude (°S) 15.5 15.5 15.5 15.5 15.5 15.5
Longitude (°E) 13.5 14.0 14.5 15.0 15.5 16.0
Mean annual temperature (°C) 20.3 20.7 22.1 22.7 22.3 21.8
Mean annual precipitation (mm) 717.1 700.1 688.3 675.6 682.5 713.3
Potential evapotranspiration (mm) 939 967 1085 1146 1106 1062
Aridity index 0.8 0.7 0.6 0.6 0.6 0.7
Latitude (°S) 19.0 19.0 19.0 19.0 19.0 19.0
Longitude (°E) 14.0 14.5 15.0 15.5 16.0 16.5
Mean annual temperature (°C) 16.8 19.1 21.1 22.0 22.6 22.7
Mean annual precipitation (mm) 284.3 313 331.5 373.7 417.5 483.8
Potential evapotranspiration (mm) 774 884 1021 1103 1158 1180
Aridity index 0.4 0.4 0.3 0.3 0.4 0.4
Latitude (°S) 22.5 22.5 22.5 22.5 22.5 22.5
Longitude (°E) 16.0 16.5 17.0 17.5 18.0 18.5
Mean annual temperature (°C) 15.5 17.7 17.9 19.1 19.5 19.7
Mean annual precipitation (mm) 236.3 268.8 357.5 329.8 313.8 333
Potential evapotranspiration (mm) 740 829 843 911 943 959
Aridity index 0.3 0.3 0.4 0.4 0.3 0.3
Latitude (°S) 23 22.5 22.5 22 22 21.5
Longitude (°E) 15.5 16.0 16.5 17.0 17.5 18.0
Mean annual temperature (°C) 15.4 15.5 17.7 17.8 18.4 18.4
Mean annual precipitation (mm) 176.4 236.3 268.8 384.3 384.5 394.3
Potential evapotranspiration (mm) 657 803 894 1023 989 1026
Aridity index 0.2 0.3 0.3 0.5 0.4 0.5
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Supplementary Table 3.S2 (continued)

Distance to coast (km)
 150 km 200 km 250 km 300 km 350 km 400 km
Latitude (°S) 28 28 28 28 28 28
Longitude (°E) 17.0 17.5 18.0 18.5 19.0 19.5
Mean annual temperature (°C) 19.5 19.0 19.6 20.2 20.6 19.4
Mean annual precipitation (mm) 92.3 112.5 116 116.3 122.8 129
Potential evapotranspiration (mm) 922 914 971 1024 1053 974
Aridity index 0.1 0.1 0.1 0.1 0.1 0.1
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4.1.	 Abstract

A transect of marine surface sediment samples from 1°N to 28°S off southwest 
Africa was analysed to explore the potential of the hydrogen isotope compositions 
of terrestrial plant-wax n‑alkanes preserved in ocean sediments as proxies for conti-
nental hydrological conditions. The conditions on the adjacent continent range from 
humid evergreen forest over deciduous forest, wood- and shrubland to arid grass-
land and desert. The hydrogen isotope ratios of the dominant n‑alkane homologues 
(C29, C31 and C33) vary from -123 to -141‰ V-SMOW and correlate with the mod-
elled hydrogen isotope composition of mean annual and growing-season precipita-
tion of continental source areas along postulated transport pathways (r up to 0.8, 
p <0.01). The apparent fractionation between the hydrogen isotope compositions of 
alkanes and mean annual precipitation is remarkably uniform (-109‰ on average, 
σ ≤5‰). Potentially, effects of aridity on the apparent hydrogen isotope fractionation 
are concealed by the contribution of different plant types (trees vs. grasses). Thus, 
isotope ratios of leaf wax n‑alkanes preserved in ocean margin sediments along 
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SW Africa may be directly converted to δD ratios of ancient precipitation. This facil-
itates the deduction of, e.g., the amount-dependent hydrogen isotope composition 
changes of precipitation from sediment records and enables inferences about pal-
aeoclimatic conditions.

4.2.	 Introduction

Ocean margin sediments are valuable archives for palaeoclimatic studies as they 
can provide long, undisturbed records of climate-dependent changes in sediment 
characteristics like, e.g., the molecular and isotopic composition of their constitu-
ents. But before ancient climate conditions can be assessed from sediment cores, 
it needs to be evaluated how present-day conditions are reflected in recent sedi-
ments. Reliable and ubiquitous molecular biomarkers with a high potential for palae-
oenvironmental studies are land plant-derived wax constituents. Plant waxes cover 
all aerially exposed organs of higher land plants, and in virtually all plant waxes 
n‑alkanes, which are the focus of this study, are abundant (Tulloch, 1976). After 
the decay of plants, the wax components can be stored in intermediate reservoirs 
or are directly transported by wind and rivers to lake or ocean sediments. In these 
archives, the n‑alkanes can be preserved over geological time scales and constitute 
an integrated signal of the plant wax composition in the terrestrial catchment area. 

The hydrogen isotope ratios of biomarkers from land plant waxes have been con-
sidered a proxy for the corresponding composition of precipitation and the hydrologic 
conditions (e.g., Sachse et al., 2012 and references therein). This includes plant 
wax archives of geological timescales because the hydrogen isotope composition of 
fossil n‑alkanes remains unaltered over long periods of time (Schimmelmann et al., 
2006; Wang et al., 2009). Hydrogen atoms introduced to plant biomass during pho-
tosynthesis derive from plant water and plant water in turn is controlled by soil water, 
which is the only water source for most plants and originates from precipitation. 
The hydrogen isotope signature of soil and plant water is influenced by evaporation 
and evapotranspiration (Sternberg, 1988; Kahmen et al. 2013a,b). It has also been 
inferred that the δD values of plant water can be influenced to different extents by 
the plant characteristics like ecological life form (tree, shrub, grass; Liu et al., 2006; 
Liu and Yang, 2008; Sachse et al., 2012) and the photosynthetic carbon fixation 
pathway (C3/C4/CAM; Chikaraishi and Naraoka, 2003; Bi et al., 2005; Smith and 
Freeman, 2006; Feakins and Sessions, 2010b). Despite these potentially obscuring 
effects, the stable hydrogen isotope compositions of plant lipids in lake sediments 
exhibit a nearly linear relationship with the δD ratios of the source waters. This 
corroborates the idea that fossil lipids may serve as a direct proxy for source water 
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hydrogen isotope characteristics (Sachse et al., 2004; Hou et al., 2008, Sachse et 
al., 2012). The inferred information about source water isotope characteristics can 
then be used to deduce palaeohydrologic changes such as variations in rainfall 
intensity. 

In order to further explore the potential of the hydrogen isotope composition of 
n‑alkanes preserved in ocean margin sediments as a proxy for hydrological condi-
tions on a continental scale, a transect of 13 marine surface sediment samples from 
1°N to 28°S off southwest Africa was analysed. The western part of Africa consti-
tutes an ideal test case for such a study due to its distinct latitudinal distribution of 
vegetation zones and climatic conditions. We evaluate how the hydrogen isotope 
composition of n‑alkanes preserved in ocean margin sediments mirrors the corre-
sponding composition of continental precipitation in potential catchment areas. This 
correlation is essential for reliable reconstructions of the climate-dependent stable 
isotope composition of ancient precipitation and its climatic control.

4.3.	 Material and methods

4.3.1.	 Sediment material

We analysed 13 marine surface sediment samples that constitute an isobathic 
(ca. 1300 m) north to south transect (1°N to 28°S) along the south-western African 
continental margin (Fig. 4.1, Table 4.1). The samples were retrieved during cruises 
M34/2 and M41/1 of the German research vessel Meteor in 1996 and 1998, respec-
tively, and recovered by multi-corer in order to receive the undisturbed surface lay-
ers. The multi-cores were separated into depth intervals, the sections sealed in 
polyethylene bags and stored at -20°C on board and afterwards at the University of 
Bremen. 

4.3.2.	 Analytical methods 

The procedures for the isolation of aliphatic/alicyclic hydrocarbons from the marine 
sediments were described by Vogts et al. (2012). Branched compounds were sepa-
rated from the straight-chain hydrocarbons by urea adduction (Rommerskirchen et 
al., 2006). Stable hydrogen isotope compositions of the n‑alkanes were determined 
by gas chromatography (GC, Agilent 6890 with Gerstel CIS) coupled to a Thermo 
Scientific MAT 253 isotope-ratio-mass spectrometer via a high temperature conver-
sion reactor and a GCC-III Interface (all Thermo Scientific, Bremen). The GC instru-
ment was equipped with a 30 m capillary column (J&W, DB-5, 0.25 mm i.d., 0.25 µm 
film thickness), the injector temperature was programmed from 60°C (5 s) to 305°C 
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(120 s) at 10°C s-1 and the gas chromatographer oven was programmed from 60°C 
(2 min) to 300°C at a rate of 3°C min-1, followed by an isothermal phase of 36 min. 
Isotope ratios are expressed as δD values in permil (‰) relative to Vienna Standard 
Mean Ocean Water (V-SMOW).

Calibration of isotope analysis was performed by injecting several pulses of refer-
ence gas (H2) at the beginning and at the end of each run. The H3-factor varied from 
5.63 to 5.70 over the measuring period (5.66 ±0.03). The δD value of the reference 
gas was calibrated against the certified B2 reference mixture of n‑alkanes distrib-
uted by the Department of Geological Sciences at Indiana University. A standard 
mixture containing lab standards and certified standard substances, which together 
span a range of -50 to -250‰ (vs. V-SMOW), were run repeatedly during each 
sequence. For eleven standard substances (fatty acid methyl esters and alkanes) 
in the retention time interval of the target compounds, the precision for replicate 
analyses expressed as averaged standard deviation was <4‰, and the averaged 

Fig. 4.1: Simplified present-day land cover map based on Mayaux et al. (2004) with sampling loca-
tions, clusters of wind trajectories based on Dupont and Wyputta (2003), and graphs of environmen-
tal parameters calculated for locations at 350 km distance to the coast with the WebWIMP modeling 
program (Matsuura et al., 2009; aridity index= mean annual precipitation divided by potential evapo-
transpiration; Supplementary Table 4.S1; UNEP, 1992).
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absolute error was 2‰ (n= 33). Analyses of samples were performed at least in 
triplicate with standard deviations <4‰ (2‰ on average, n= 60). Eicosanoic acid 
methyl ester (certified) and docosanoic acid methyl ester (lab standard) of known 
hydrogen isotope composition were added to the samples and used for quality con-
trol, but standard deviations for these internal standards were higher (8‰ and 7‰, 
respectively). This is attributed to coelution of sample components with the stand-
ards. 

4.3.3.	 Employed models

4.3.3.1.	 WebWIMP modeling program for climatic parameters 

The WebWIMP modeling program (Matsuura et al., 2009) was used to calculate 
annual mean temperature, precipitation and potential evapotranspiration. The Web-
WIMP modeling program calculates climatically-averaged monthly water balances 
for continental locations at nodes of half a degree of latitude by half a degree of lon-
gitude. Average monthly air temperature and precipitation data of weather stations 
are interpolated to the grid nodes and the grid-point water balance is calculated by 
a modified Thornthwaite procedure.

4.3.3.2.	 OIPC for hydrogen isotope ratios of precipitation

The online isotopes in precipitation calculator (OIPC) was used to calculate the 
estimated modern mean annual and monthly hydrogen isotope composition of pre-
cipitation (δDP) for a set of given longitude, latitude and elevation. Elevation was 
received from a digital elevation model based on SRTM3 data (Michalak, 2004). 
Hydrogen isotope ratios of precipitation were calculated from a global data set 
according to an algorithm developed by Bowen and Wilkinson (2002) and refined by 
Bowen and Revenaugh (2003) and Bowen et al. (2005). The data used by the OIPC 
is derived primarily from the International Atomic Energy Association/World Meteor-
ological Organisation Global Network for Isotopes in Precipitation.

4.3.3.3.	 Limitations

A limitation for both employed models may be the uneven spatial distribution of 
weather stations in Africa. Furthermore, the weather records partly cover different 
years and different time spans and the time span covered by the sediment material 
may be longer than the time interval covered by the data base for the models.

4. Continental precipitation reflection in marine sediments

86



4.4.	 Regional setting

4.4.1.	 Hydrological conditions in southwest Africa

To depict environmental conditions in the study area, Fig. 4.1 provides values 
for mean temperature and precipitation (WebWIMP; Matsuura et al., 2009) as well 
as aridity index (mean annual precipitation divided by potential evapotranspiration; 
Supplementary Table 4.S1; UNEP, 1992). Along the equator a humid zone with mean 
annual rainfall of more than 1500 mm prevails (Fig. 4.1b). Further south, mean 
annual precipitation decreases gradually and the climate exhibits austral summer 
rain and winter droughts, a result of the seasonal migration of the Intertropical Con-
vergence Zone in response to changes in the latitudinal maximum of solar heating. 
Subtropical deserts follow where precipitation is scarce. South of 32°S mean annual 
precipitation increases again due to the equatorward displacement of the mid-lati-
tude Westerlies during austral winter causing highest precipitation during winter and 
dry summers. 

The hydrogen isotope composition of the precipitation varies with moisture 
source, altitude, temperature, amount of precipitation and degree of continentality 
(Gat, 1996). The model-based map of δD values of mean annual precipitation (δDP) 
mirrors the interplay of these factors leading to ratios ranging from more positive val-
ues in the rain forest region to more negative values south of the Congo River and 
back to more positive ratios south of 20°S (Fig. 4.2a, Supplementary Table 4.S2; 
Bowen and Revenaugh, 2003). The δDP in Africa varies with season by up to 60‰ 
but for the postulated catchment areas relevant to this study extreme δDP values 
occur mostly in months with negligible precipitation and δDP during the growing 
season is less variable (Supplementary Table 4.S3).

4.4.2.	 Vegetation of southwest Africa

There is a gradient from dense evergreen biomes to dry open land-cover from 
the equator to the subtropics, corresponding to the mean annual rainfall gradient 
(Mayaux et al., 2004). The equatorial rain forest vegetation is characterised by woody 
C3 plants as major representatives of the flora (Richards, 1996). The evergreen rain 
forest extends to about 9°S and is increasingly confined to river valleys toward its 
limits. The closed forest (no grass cover on the ground) often abruptly passes into 
a wide zone of wood- and shrubland (Richards, 1996). In these regions, decidu-
ous woody species can cover up to 60% of the area (Cole, 1986). The amount of 
woody C3 vegetation decreases with increasing aridity, accompanied by increasing 
C4 grass abundance. On the African Plateau, C4 grasses dominate the vegetation 
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while in the dry coastal Namib Desert the vegetation is very sparse. In the Succu-
lent Karoo, succulent plants employing the Crassulacean Acid Metabolism (CAM) 
dominate. However, since CAM is generally a strategy for stress survival and not for 
high productivity (Lüttge, 2004) we assume the contribution of CAM-utilising plants 
to biomass production, and thus also to geological archives, to be negligible. 

4.4.3.	 Transport pathways and catchment areas for plant wax lipids

Vogts et al. (2012) presented potential catchment areas for the sampling loca-
tions, which reasonably explain the C4 plant contribution to the sediments. The ori-
gin of the material was estimated based on modelled aeolian transport pathways 

Fig. 4.2: Stable hydrogen isotope composition of (a) precipitation at 350 km distance from the coast 
in postulated catchment areas indicated by black squares in the map (Supplementary Tables 4.S2, 
4.S3), (b) n‑alkanes dominating the aliphatic fraction of the sediment samples as well as (c) apparent 
fractionation between n‑alkanes and mean annual precipitation, and (d) contribution by C4 plants to 
the sediments calculated from the weighted mean averaged stable carbon isotopic composition of 
n‑alkanes (Vogts et al., 2012), and map of southwest Africa showing sampling locations as well as 
hydrogen isotope composition of mean annual precipitation (Bowen and Revenaugh, 2003). Clusters 
of wind trajectories based on Dupont and Wyputta (2003).
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of terrestrial components (implemented in Figs. 4.1 and 4.2; Dupont and Wyputta, 
2003). For the equatorial sites (1-4) mid-tropospheric transport by Harmattan winds 
from north-central Africa contributes material to the sediments. Therefore, these 
locations were plotted but not used for correlations by Vogts et al. (2012) and will be 
treated likewise in this study.

Also, potential riverine contributions were taken into account to explain the C3/C4 
plant contribution to the sediments (Vogts et al., 2012). In the study area, the Congo 
River system draining toward location 5 is the largest and also the second biggest 
in the world regarding the outflow at the mouth (Dai and Trenberth, 2002). The out-
flows of the Ogooué (ca. 1°S, location 2) and the Orange (28.5°S, location 13) are 
lower by a factor of ca. ten, and the outflow of other rivers is lower by a factor of 50 
or more (e.g., Kunene, 17°S; Heyns, 2003; Nilsson et al., 2005). However, the river 
outflow data only reflect the quantity of water and not the amount of n‑alkanes trans-
ported. Quantitative data on the contribution of n‑alkanes to deep sea sediments by 
these rivers are not available. 

4.5.	 Results and discussion

4.5.1.	 Hydrogen isotope composition of n‑alkanes

In all samples, the n‑C29, n‑C31, and n‑C33 alkanes (hereafter abbreviated C29, C31 
and C33) are the most abundant homologues (Vogts et al., 2012). The stable hydro-
gen isotope compositions of these compounds vary from -123 to -141‰ (Table 4.1, 
Fig. 4.2b). The observed values are slightly more positive than the ratios for C29 
in core-top material of sediment recovered off the Congo River mouth (ca. -145‰; 
Schefuß et al., 2005) and Late Holocene samples collected off SW Africa (-138 to 
-154‰; Collins et al., 2013). As marine organisms do not biosynthesise any signif-
icant amounts of these long chain alkanes (Chikaraishi and Naraoka, 2003; Mead 
et al., 2005) and hopane analyses as well as carbon preference indices indicate the 
presence of a constant but only very small amount of petroleum-derived n‑alkanes 
(Vogts et al., 2012), the observed variations of the n‑alkane stable hydrogen isotope 
composition are nearly exclusively related to the source land plants.

The δD ratios of C29 (δD29) vary by 10‰ and the variations of δD31 and δD33 are 
only slightly higher (14‰; Fig. 4.2b). Among the n‑alkanes of a given sampling loca-
tion δD29 is the most positive in the majority of cases and δD31 is 5‰ more negative 
on average. δD33 resembles δD31 except for locations 2 to 5 where the values are 
similar to those of C29. The averaged hydrogen isotope composition is presented as 
weighted mean average (δDWMA; Table 4.1) and shows a variation of 11‰. 
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4.5.2.	 Correlation with the δD signal of precipitation

To elucidate possible correlations of the δDL (stable hydrogen isotope composi-
tion of lipids) the online isotopes in precipitation calculator (OIPC 2.2; Bowen and 
Revenaugh, 2003) was employed to determine δDP (Supplementary Table 4.S2). 
Calculations were made for equidistant locations along postulated main contribution 
pathways spanning from 150 to 400 km inland from the coast (Vogts et al., 2012). 

The range of δDP for the continental locations (max. 28‰; Table 4.2, Fig. 4.2) 
is broader than the range of hydrogen isotope ratios of sedimentary alkanes 
(max. 14‰). This may be related to mixing of n‑alkanes from catchment areas wider 
than postulated with the effect of averaging out δDL differences to some extent. 
The δDP values (Table 4.2) were correlated with the sediment-derived δDL values. 
Except for 150 km distance from the coast, the correlation coefficients are above 
0.49 (p <0.05; Table 4.2). The highest correlation coefficients were observed for the 
distances of 250, 350 and 400 km from the coast (up to 0.69, p <0.01). Previous 
analyses of the same samples (Vogts et al., 2012) revealed significant correlations 
(r up to 0.95, p <0.01) of the C4 contribution to the sediments (calculated from the 
n‑C31 alkane stable carbon isotope composition) with environmental parameters for 
the same postulated catchment areas (highest correlation with locations at 350 km). 
Thus, this area may represent a major source region contributing to the sediments. 

As the precipitation is unevenly distributed over the year in terms of amount and 
stable hydrogen isotope composition, monthly δDP values were calculated for loca-
tions at approximately 350 km distance from the coast (Supplementary Table 4.S3, 
OIPC 2.2; Bowen et al., 2005). The best correlations were obtained for δD29 and 
December precipitation (r up to 0.80, p <0.01; Table 4.2), a month representing the 
beginning of the rain season at most locations. This substantiates the hypothesis 
that most n‑alkanes are synthesised during leaf formation at the beginning of the 
growing season (Jetter et al., 2006). For field-grown barley, Sachse et al. (2010) also 
revealed that δDL reflects leaf water δD at the time of leaf development. However, 
in our C29 alkane dataset the correlations for March are also significant (r= 0.75, 
p <0.01, data not shown). This, in contrast, is more in line with the idea that alkanes 
are produced during the whole growing phase, which may last from December to 
March, and consistent with studies indicating the need of continuous replacement of 
wax components (Richardson et al., 2005) removed by mechanical stress like sand 
storms. Consequently, the weighted mean average δDP for December to March 
(Table 4.2) was correlated with δDL and yielded a similarly good correlation (r up 
to 0.71, p <0.01). However, not all locations receive the main precipitation from 
December to March. Maximum rainfall at the northern sites occurs either earlier 
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(November) or later (April). Thus, the weighted mean average δDP for the three 
months with the highest precipitation was also calculated and yielded a good corre-
lation as well (r up to 0.79, p <0.01; Table 4.2). Thus, this dataset delivers no clear 
indication about the timing of n‑alkane synthesis in the plants and reveals no bias of 
the sedimentary alkane δD signal toward a particular part of the wet season. 

As Sachse et al. (2009) found δDL preserved in soils to be representative of the 
weeks before leaf senescence, we also calculated correlation coefficients for the 
last month of the growing season but yielded lower Pearson correlation coefficients 
(data not displayed). In addition, we tested correlations with weighted mean aver-
aged δDP of all months with precipitation above 20 and 150 mm, respectively, as 
well as for the two or the four months with highest precipitation, but did not obtain 
better correlations. A limiting factor for this approach may be that the strength of cor-
relation with growing-season precipitation can also be influenced by the seasonality 
of the prevailing winds which mainly blow toward the ocean during austral winter 
(Dupont and Wyputta, 2003).

4.5.3.	 Apparent fractionation 

To further evaluate influences on the connection between sedimentary alkane 
composition and continental precipitation, the apparent stable hydrogen isotope 
fractionation (εa) between δDP and δDL was calculated using the following equation:

            
          
               Equation 4.1 

Calculations were based on mean annual δDP at 350 km distance from the coast 
in postulated catchment areas, because the improvement of correlation by using 
monthly values was not consistent for all alkanes. The graphical presentation of εa 
(Fig. 4.2c) exhibits similar general trends for all analysed alkanes with less negative 
values from sites 5 to 9 and more negative and constant ratios from locations 10-13. 
The calculated εa values (-109‰ on average; Table 4.3) for this ocean sediment 
transect are less negative compared to average εa value for C4 monocotyledons and 
dicotyledonous C3 plants (-134‰ and -113‰, respectively; Sachse et al., 2012). For 
Cameroonian rainforest locations εa values up to -154‰ (Garcin et al., 2012) were 
reported employing estimated surface water values. However, we employ modeled 
precipitation data and our locations 1-4 off the humid rainforest regions also receive 
material from long range transport from more arid regions which potentially leads to 
less negative εa values. For locations 5-13, our results are comparable to εa values 
found for alkanes in lake sediments of the Venezuelan Páramo shrubland (Polissar 
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and Freeman, 2010). In some arid environments even smaller values than observed 
in this study were reported (e.g., -94‰; Feakins and Sessions, 2010a). However, 
despite the huge gradient in environmental conditions and vegetation in our study 
area, the standard deviation of εa in our study is fairly constant (σ <5‰). 

The calculated εa values incorporate the effects of soil evaporation, transpira-
tion and biosynthesis (Fig 4.3a). For the biosynthesis of n‑alkanes, it was hypothe-
sised that the fractionation of hydrogen is constant (Sessions et al., 1999; Sachse 
et al., 2004; Feakins and Sessions, 2010a) even though some growth chamber 
experiments found variations of 65‰ among different plant species (Kahmen et al., 
2013a). Data for εa of plants from the study region are presently not available. Thus, 
we assume that species dependent variation of fractionation during biosynthesis is 
constant because it is averaged out due to the high number of contributing species. 
Therefore, evaporation of soil water and evapotranspiration from the plant are the 
main factors influencing the apparent fractionation. 

As vapour-phase water is depleted in the heavy isotopes relative to the liquid 
from which it is derived, higher evaporation and transpiration at the arid sites should 
lead to higher δD ratios of the biosynthetic water pool and a less negative εa. For 
instance, Aichner et al. (2010) and Smith and Freeman (2006) found less negative 
εa values at more arid sites. In addition, under arid conditions surface soils are 
more affected by evaporation which leads to higher δD ratios of the biosynthetic 
water pool of shallow rooted species. Both effects should lead to less negative εa 

No. εaC29 (‰) εaC31 (‰) εaC33 (‰) εaWMA29-33 (‰)
1 -112 -118 -120 -116
2 -109 -115 -108 -111
3 -99 -104 -100 -101
4 -106 -111 -107 -108
5 -111 -114 -112 -112
6 -104 -112 -105 -107
7 -97 -108 -107 -103
8 -99 -107 -106 -104
9 -106 -105 -107 -106

10 -108 -117 -120 -116
11 -107 -116 -113 -113
12 -106 -112 -113 -111
13 -107 -110 -111 -110

1 Boldface values refer to the two most abundant homologues.

Table 4.3: Apparent hydrogen isotope fractionation (εa) between sediment derived hydrogen iso-
tope composition of n‑alkanes and calculated mean annual precipitation for continental locations at 
350 km distance from the coast in postulated catchment areas.
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in arid grasslands compared to humid areas dominated by deep rooted trees. For 
our samples, however, such a trend is not evident and correlations between εa and 
environmental parameters (mean annual precipitation, potential evapotranspiration, 
aridity index) as well as C4 plant abundance (Fig. 4.2d), representing shallow rooted 
species, do not exceed 0.53 (Table 4.4). Best correlations (r up to 0.53, p <0.05) 
were obtained for the aridity index, which may best reflect the amount of water avail-
able to the plant.

The poor correlation of εa with environmental parameters and C4 grass abun-
dance indicates that other factors may conceal effects of increasing aridity and root-
ing depth. A potential candidate is the different plant transpiration characteristic of 
mono- and dicotyledonous vegetation. Data for εa of plants from the study region are 
presently not available. However, the εa differences observed for mono- and dicoty-
ledonous vegetation of other environments (Liu et al., 2006; Hou et al., 2007, Sachse 
et al., 2012) may be applicable in Africa, too. Leaves of monocotyledonous species 
grow and expand at the base of a leaf blade covered by the next older leaf (Kemp, 

Fig. 4.3: Conceptual model explaining the origin of apparent fractionation (εa). a) General scheme, b) 
εa of a dicotyledonous vegetation under humid (Sachse et al., 2012) and arid (Feakins and Sessions, 
2010a) conditions, c) hypothetical εa of a mixed C3/C4 vegetation at continental locations contribut-
ing to sample locations 5 and 12 based on binary mixing of data in included table with abundance 
of monocotyledonous C4 and dicotyledonous C3 plants (Vogts et al 2012) and εa from literature 
(Feakins and Sessions, 2010a; Sachse et al., 2012).
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1980) which leads to a low influence of transpiration on the biosynthetic water pool 
of monocotyledons (Kahmen et al., 2013a). For dicotyledonous plants growth and 
expansion occur for the whole transpiration enduring leaf after its initial unfolding 
(Dale, 1988). Thus, dicotyledonous leaf wax synthesis possibly employs more D-en-
riched leaf water (Kahmen et al, 2013a). In addition, the different evapotranspiration 
of trees and grasses was assumed to be related to the characteristic differences in 
leaf morphology, leaf vein pattern and interveinal distance as well as thickset (Smith 
and Freeman, 2006; Liu and Yang, 2008; Kahmen et al. 2013b). Averaged literature 
data reflect the described effects: The average εa for alkanes of leaf waxes of C3 
monocotyledons including grasses is more negative compared to dicotyledonous C3 
plants (-149‰ and -113‰, respectively; Sachse et. al. 2012). The averaged value 
for C4 monocotyledons including C4 grasses (-134‰) is between those of mono- 
and dicotyledonous C3 plants indicating that the effects of the metabolic pathway 
are only of minor relevance for the hydrogen isotope composition of the alkanes. 

However, εa is not as constant as the averaged ratios suggest. For subhumid and 
arid sites in southern California (precipitation <800 mm a-1) Feakins and Sessions 
(2010a) found εa of ca. -90‰ for mixed wood- and shrubland C3 plants, excluding 
grasses. This points to an influence of aridity on εa of C3 dicotyledons (Fig. 4.3b). 
In contrast, εa of C4 grasses of the North American Great Plains was still below 
-140‰ for a location with a fainfall of 360 mm a-1 (Smith and Freeman, 2006). 
McInerney et al. (2011) also did not find a correlation of εa with relative humidity 
for growth chamber C4 grasses and only a weak correlation for field grown species 
(r2= 0.35, p <0.05). This difference in response to aridity is consistent with results 
of Kahmen et al. (2013a), who found that in dicotyledonous plants leaf water on 
average contributed 96% to the biosynthetic water pool whereas this contribution 
was only between 18 and 68% in grasses. Thus, transpirational leaf water enrich-
ment may affect dicotyledonous trees much more than monocotyledonous grasses. 

Mean annual 
precipitation

Potential  
evapotranspiration

Aridity index

εaC29
1 0.29 -0.39 0.40

εaC31
1 0.23 -0.23 0.30

εaC33
1 0.51 -0.09 0.53

εaWMA29-33
1 0.45 -0.24 0.52

1 Italic numbers: Correlation significant at the 95% level.

Table 4.4: Pearson correlation coefficients for apparent fractionation and environmental parame-
ters for locations in postulated catchment areas at 350 km distance from the coast (Supplementary 
Table 4.S2).
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For our sedimentary archives, the contribution of trees declines toward the south 
while their alkanes potentially record less negative εa. In parallel, the contribution of 
C4 grasses with more negative and constant εa increases. This could result in the 
observed seemingly constant hydrogen isotopic fractionation. To test this hypothe-
sis, we calculated a hypothetical fractionation based on the contribution of different 
plant groups calculated from the stable carbon isotopic composition of sedimentary 
alkanes (C4 vs. C3; Vogts et al., 2012) and εa values from literature (Fig. 4.3c). For 
C4 plants, a fractionation of -134‰ (Sachse et al., 2012) was assumed. For C3 
species, we employed an εa of -113‰ for location 5 with the highest precipitation 
(Sachse et. al., 2012) and -90‰ for location 12 with less than 800 mm a-1 precipi-
tation (Feakins and Sessions, 2010a). In this way, we obtained quite similar hypo-
thetical εa values of -118 and -123‰, respectively (Fig. 4.3c). This substantiates that 
the vegetation shift from C3 dicotyledons to C4 monocotyledons may conceal aridity 
effects on the apparent fractionation. For North American continental sampling sites 
it was also hypothesised that the influence of aridity and the associated change 
in vegetation assembly offset each other reducing the shift in εa (Hou et al., 2008; 
Gao et al., 2014). This study demonstrates that this hypothesis is also feasible for 
alkanes derived from marine sediments off tropical areas. 

4.6.	 Conclusions

The δD values of leaf wax n‑alkanes (C29, C31, and C33) in ocean margin sedi-
ments off southwest Africa vary from -123 to -141‰. These ratios were compared 
to the modeled δD ratios for precipitation at continental locations along postulated 
transport pathways from land to ocean. The highest correlation coefficients were 
observed for mean annual precipitation values at locations with 350 km distance to 
the coast. When ratios for the growing season and the end of the growing season 
are applied, the correlation increases for C29, but decreases for C31 and C33. The 
apparent fractionations between alkane and precipitation (-109‰ on average) are 
fairly constant (σ <5‰), possibly because the effects of increasing aridity are super-
imposed on the effect of life form change (trees to grasses). Thus, we conclude that 
in this region δD ratios of alkanes in ocean margin sediments can directly be related 
to the isotope composition of continental precipitation by the presented fractionation 
factors. The feasibility over geological timescales should be best in times of stable 
or slowly changing vegetation composition. In general, the variations in the abun-
dance of the ecological life forms (trees vs. grasses) should be evaluated in parallel 
by, e.g., stable carbon isotope or pollen analyses to exclude effects of vegetation 
change on deductions about continental precipitation changes.
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4.8.	 Supplementary Tables

Supplementary Table 4.S1: Locations employed for calculations of continental environmental con-
ditions with the WebWIMP modeling program and values obtained as displayed in Fig. 4.1.

Latitude
Longitude 

(°E)
Mean annual 

temperature (°C)
Mean annual  

precipitation (mm)
Potential evapo- 

transpiration (mm)
Aridity 
index

4.0°N 12.5 23.5 1585 1188 1.33
3.5°N 13 23.1 1634 1148 1.42
3.0°N 13 23.5 1640 1183 1.39
2.5°N 13 23.7 1642 1209 1.36
2.0°N 13 23.5 1639 1184 1.38
1.5°N 12.5 23.1 1680 1138 1.48
1.0°N 12.5 23.2 1696 1150 1.47
0.5°N 12.5 23.6 1668 1198 1.39
0.0° 12.5 23.5 1672 1188 1.41

0.5°S 12.5 23.8 1733 1213 1.43
1.0°S 12 22.7 1720 1106 1.56
1.5°S 12.5 22.2 1851 1059 1.75
2.0°S 12.5 23.2 1732 1160 1.49
2.5°S 13 23.2 1717 1158 1.48
3.0°S 13.5 22.4 1686 1078 1.56
3.5°S 14 24.0 1525 1251 1.22
4.0°S 14.5 23.0 1405 1140 1.23
4.5°S 15 24.0 1353 1250 1.08
5.0°S 15 23.4 1553 1173 1.32
5.5°S 15.5 22.6 1510 1096 1.38
6.0°S 15.5 23.9 1393 1240 1.12
6.5°S 15.5 23.0 1361 1134 1.2
7.0°S 16 23.4 1416 1178 1.2
7.5°S 16 22.5 1288 1095 1.18
8.0°S 16.5 24.0 1221 1241 0.98
8.5°S 16.5 24.4 1263 1300 0.97
9.0°S 16 21.4 1088 1001 1.09
9.5°S 16.5 21.2 1220 982 1.24

10.0°S 16.5 21.7 1225 1017 1.2
10.5°S 17 21.8 1269 1028 1.23
11.0°S 17 20.5 1284 941 1.36
11.5°S 17 20.5 1228 939 1.31
12.0°S 17 20.2 1207 923 1.31
12.5°S 16.5 19.1 1232 865 1.42
13.0°S 16 19.7 1196 896 1.33
13.5°S 16 19.9 1118 907 1.23
14.0°S 15.5 20.9 1048 978 1.07
14.5°S 15.5 20.6 930 960 0.97
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Supplementary Table 4.S1 (continued)

Latitude
Longitude 

(°E)
Mean annual 

temperature (°C)
Mean annual  

precipitation (mm)
Potential evapo- 

transpiration (mm)
Aridity 
index

15.0°S 15.5 21.9 782 1075 0.73
15.5°S 15.5 22.3 681 1106 0.62
16.0°S 15 23.4 662 1233 0.54
16.5°S 15 22.9 586 1179 0.5
17.0°S 15 22.9 504 1182 0.43
17.5°S 15 23.0 416 1196 0.35
18.0°S 15 22.9 415 1186 0.35
18.5°S 15.5 22.7 406 1167 0.35
19.0°S 16 22.6 418 1158 0.36
19.5°S 16 20.8 430 999 0.43
20.0°S 16.5 19.3 461 911 0.51
20.5°S 16.5 17.7 474 831 0.57
21.0°S 17 19.6 358 932 0.38
21.5°S 17 18.5 408 870 0.47
22.0°S 17.5 18.4 387 874 0.44
22.5°S 18 19.5 315 943 0.33
23.0°S 18 19.9 262 971 0.27
23.5°S 18 20.2 237 989 0.24
24.0°S 18 20.4 211 1011 0.21
24.5°S 18 20.0 229 989 0.23
25.0°S 18.5 20.3 216 1018 0.21
25.5°S 18.5 20.1 216 1005 0.21
26.0°S 18.5 20.7 198 1045 0.19
26.5°S 18.5 20.8 184 1054 0.17
27.0°S 18.5 16.5 170 806 0.21
27.5°S 19 19.1 144 948 0.15
28.0°S 19.5 19.4 129 974 0.13
28.5°S 20 19.3 137 966 0.14
29.0°S 20.5 19.4 150 983 0.15
29.5°S 20.5 18.5 152 927 0.16
30.0°S 21 18.4 175 921 0.19
30.5°S 21 16.9 181 842 0.21
31.0°S 21.5 15.7 206 789 0.26
31.5°S 21.5 14.9 200 755 0.26
32.0°S 22 17.1 208 834 0.25
32.5°S 22 17.3 201 836 0.24
33.0°S 21.5 17.2 219 828 0.26
33.5°S 22 16.0 378 774 0.49
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Supplementary Table 4.S2: Data of locations employed as representatives of potential catchment 
areas. Data of environmental conditions were derived from the WebWIMP modeling program (Mat-
suura et al., 2009). Aridity index calculated according to UNEP (1992). Elevations data from digi-
tal elevation model based on SRTM3 data (Michalak, 2004). Stable hydrogen composition and its 
confidence interval derived from online isotopes in precipitation calculator (Bowen and Revenaugh, 
2003).

 Distance to coast (km)
 150 200 250 300 350 400
Latitude (°N) 1.0 1.0 1.0 1.0 1.0 1.0
Longitude (°E) 11.0 11.5 12.0 12.5 13.0 13.5
Mean annual temperature (°C) 23.5 24.4 24.5 23.6 23.3 23.4
Mean annual precipitation (mm) 2101 1835 1648 1666 1653 1591
Potential evapotranspiration (mm) 1292 1305 1198 1150 1164 1177
Aridity index 1.6 1.4 1.4 1.4 1.4 1.4
Elevation (m) 505 546 529 500 514 505
Mean annual δDP (‰) -23 -24 -24 -23 -23 -23
95% confidence interval (‰) 4 5 5 5 6 6
Latitude (°N) 0.5 0.5 0.5 0.5 0.5 0.5
Longitude (°E) 10.0 10.5 11.0 11.5 12.0 12.5
Mean annual temperature (°C) 25.9 25.8 25.8 25.8 23.6 23.8
Mean annual precipitation (mm) 1972 2028 2028 2028 1708 1735
Potential evapotranspiration (mm) 1512 1500 1222 1130 1200 1213
Aridity index 1.3 1.4 1.7 1.8 1.4 1.4
Elevation (m) 12 70 560 425 348 351
Mean annual δDP (‰) -16 -17 -24 -22 -21 -21
95% confidence interval (‰) 4 5 5 5 6 6
Latitude (°N) 2.0 2.0 2.0 2.0 2.0 2.0
Longitude (°E) 10.5 11.0 11.5 12.0 12.5 13.0
Mean annual temperature (°C) 25.6 24.3 23.3 24.2 23.2 22.9
Mean annual precipitation (mm) 1891 1872 1838 1739 1731 1816
Potential evapotranspiration (mm) 1481 1290 1171 1276 1160 1129
Aridity index 1.3 1.5 1.6 1.4 1.5 1.6
Elevation (m) 193 116 349 689 751 638
Mean annual δDP (‰) -18 -17 -20 -25 -26 -25
95% confidence interval (‰) 4 4 4 5 5 5
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Supplementary Table 4.S2 (continued)

 Distance to coast (km)
 150 200 250 300 350 400
Latitude (°N) 3.5 3.5 3.5 3.5 3.5 3.5
Longitude (°E) 12.0 12.5 13.0 13.5 14.0 14.5
Mean annual temperature (°C) 25.5 25.4 23.6 22.1 24.0 22.8
Mean annual precipitation (mm) 1224 1261 1456 1417 1525 1698
Potential evapotranspiration (mm) 1457 1439 1208 1056 1251 1115
Aridity index 0.8 0.9 1.2 1.3 1.2 1.5
Elevation (m) 409 69 385 487 627 485
Mean annual δDP (‰) -21 -16 -21 -22 -24 -22
95% confidence interval (‰) 4 4 4 4 4 4
Latitude (°N) 5.5 5.5 5.5 5.5 5.5 5.5
Longitude (°E) 13.5 14.0 14.5 15.0 15.5 16.0
Mean annual temperature (°C) 23.8 23.9 24.3 23.0 22.6 23.4
Mean annual precipitation (mm) 1096 1223 1298 1311 1510 1532
Potential evapotranspiration (mm) 1233 1240 1289 1140 1096 1181
Aridity index 0.9 1.0 1.0 1.2 1.4 1.3
Elevation (m) 437 295 353 698 596 837
Mean annual δDP (‰) -20 -18 -19 -24 -23 -26
95% confidence interval (‰) 3 3 3 3 3 3
Latitude (°N) 9.5 9.5 10.0 10.0 10.5 10.5
Longitude (°E) 14.5 15.0 15.5 16.0 16.0 16.5
Mean annual temperature (°C) 24.8 22.9 20.7 21.5 19.2 22.0
Mean annual precipitation (mm) 948 1036 1127 1175 1237 1267
Potential evapotranspiration (mm) 1432 1218 1126 1083 1242 1189
Aridity index 0.7 0.9 1.0 1.1 1.0 1.1
Elevation (m) 215 498 1186 1051 1407 1078
Mean annual δDP (‰) -13 -17 -26 -24 -30 -25
95% confidence interval (‰) 3 3 3 3 3 3
Latitude (°N) 11.5 11.5 12.0 12.0 12.5 12.5
Longitude (°E) 15.0 15.5 16.0 16.0 16.5 17.0
Mean annual temperature (°C) 21.0 20.7 21.5 21.7 19.1 20.7
Mean annual precipitation (mm) 1219 1256 1257 1257 1230 1228
Potential evapotranspiration (mm) 969 952 1005 1017 985 950
Aridity index 1.3 1.3 1.3 1.2 1.2 1.3
Elevation (m) 1327 1337 1630 1630 1699 1715
Mean annual δDP (‰) -30 -30 -35 -35 -35 -35
95% confidence interval (‰) 3 3 4 4 5 5

4. Continental precipitation reflection in marine sediments

101



Supplementary Table 4.S2 (continued)

 Distance to coast (km)
 150 200 250 300 350 400
Latitude (°N) 13.0 13.0 13.5 13.5 14.0 14.0
Longitude (°E) 15.0 15.0 15.5 16.0 16.5 17.0
Mean annual temperature (°C) 19.4 19.4 20.0 19.9 20.6 20.4
Mean annual precipitation (mm) 1211 1211 1148 1117 1007 1018
Potential evapotranspiration (mm) 917 975 866 861 923 994
Aridity index 1.3 1.2 1.3 1.3 1.1 1.0
Elevation (m) 1973 1973 1613 1724 1563 1553
Mean annual δDP (‰) -41 -41 -36 -38 -37 -37
95% confidence interval (‰) 3 3 3 4 4 4
Latitude (°N) 15.5 15.5 15.5 15.5 15.5 15.5
Longitude (°E) 13.5 14.0 14.5 15.0 15.5 16.0
Mean annual temperature (°C) 20.3 20.7 22.1 22.7 22.3 21.8
Mean annual precipitation (mm) 717 700 688 676 683 713
Potential evapotranspiration (mm) 939 967 1085 1146 1106 1062
Aridity index 0.8 0.7 0.6 0.6 0.6 0.7
Elevation (m) 1288 1277 1329 1181 1174 1280
Mean annual δDP (‰) -31 -31 -32 -30 -31 -33
95% confidence interval (‰) 5 5 5 5 5 5
Latitude (°N) 19.0 19.0 19.0 19.0 19.0 19.0
Longitude (°E) 14.0 14.5 15.0 15.5 16.0 16.5
Mean annual temperature (°C) 16.8 19.1 21.1 22.0 22.6 22.7
Mean annual precipitation (mm) 284 313 332 374 418 484
Potential evapotranspiration (mm) 774 884 1021 1103 1158 1180
Aridity index 0.4 0.4 0.3 0.3 0.4 0.4
Elevation (m) 1335 1241 1160 1113 1090 1105
Mean annual δDP (‰) -27 -26 -25 -24 -24 -24
95% confidence interval (‰) 3 3 3 3 3 3
Latitude (°N) 22.5 22.5 22.5 22.5 22.5 22.5
Longitude (°E) 16.0 16.5 17.0 17.5 18.0 18.5
Mean annual temperature (°C) 15.5 17.7 17.9 19.1 19.5 19.7
Mean annual precipitation (mm) 236 269 358 330 314 333
Potential evapotranspiration (mm) 740 829 843 911 943 959
Aridity index 0.3 0.3 0.4 0.4 0.3 0.3
Elevation (m) 1217 1529 1572 1698 1521 1452
Mean annual δDP (‰) -20 -25 -25 -27 -25 -24
95% confidence interval (‰) 4 4 4 4 4 4
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Supplementary Table 4.S2 (continued)

 Distance to coast (km)
 150 200 250 300 350 400
Latitude (°N) 23.0 22.5 22.5 22.0 22.0 21.5
Longitude (°E) 15.5 16.0 16.5 17.0 17.5 18.0
Mean annual temperature (°C) 15.4 15.5 17.7 17.8 18.4 18.4
Mean annual precipitation (mm) 176 236 269 384 385 394
Potential evapotranspiration (mm) 657 803 894 1023 989 1026
Aridity index 0.3 0.3 0.3 0.4 0.4 0.4
Elevation (m) 931 1217 1529 1381 1793 1607
Mean annual δDP (‰) -17 -20 -25 -23 -28 -26
95% confidence interval (‰) 4 4 4 4 4 5
Latitude (°N) 28.0 28.0 28.0 28.0 28.0 28.0
Longitude (°E) 17.0 17.5 18.0 18.5 19.0 19.5
Mean annual temperature (°C) 19.5 19.0 19.6 20.2 20.6 19.4
Mean annual precipitation (mm) 92 113 116 116 123 129
Potential evapotranspiration (mm) 922 914 971 1024 1053 974
Aridity index 0.1 0.1 0.1 0.1 0.1 0.1
Elevation (m) 618 706 716 959 869 807
Mean annual δDP (‰) -15 -16 -16 -19 -18 -17
95% confidence interval (‰) 4 4 4 4 4 4
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Supplementary Table 4.S3: Monthly precipitation characteristics for locations with 350 km distance 
to the coast. Stable hydrogen composition derived from online isotopes in precipitation calculator 
(Bowen et al., 2005). Rainfall amount was derived from the WebWIMP modeling program (Matsuura 
et al., 2009).

Month
Location Parameter 1 2 3 4 5 6 7 8 9 10 11 12

1 δDP in ‰ -18 -20 -29 -32 -25 -12 -6 -14 -13 -28 -25 -28
 Precipitation in mm 82 103 198 200 178 63 22 39 149 296 211 113
2 δDP in ‰ -14 -15 -28 -32 -21 -9 1 -8 -8 -23 -23 -24
 Precipitation in mm 130 139 207 186 171 30 7 12 90 275 277 186
3 δDP in ‰ -19 -18 -36 -36 -22 -12 2 -6 -7 -27 -28 -31
 Precipitation in mm 176 204 225 215 152 16 6 7 43 179 305 204
4 δDP in ‰ -17 -13 -34 -34 -18 -12 7 -2 -2 -23 -28 -30
 Precipitation in mm 170 149 189 220 142 6 2 6 31 138 270 202
5 δDP in ‰ -17 -12 -29 -30 -16 -9 10 2 1 -17 -25 -29
 Precipitation in mm 163 137 153 235 111 9 2 8 68 175 252 197
6 δDP in ‰ -30 -33 -40 -30 -29 2 4 7 1 -15 -22 -39
 Precipitation in mm 165 135 207 136 20 1 1 6 44 126 199 198
7 δDP in ‰ -17 -31 -21 -3 -24 0 -32 -41 -28 -17 12 -29
 Precipitation in mm 205 151 209 114 12 1 0 3 22 93 187 235
8 δDP in ‰ -34 -43 -52 -37 -35 9 2 4 -1 -10 -16 -45
 Precipitation in mm 195 157 194 93 8 1 0 0 9 55 130 167
9 δDP in ‰ -28 -36 -42 -31 -29 14 5 6 2 -3 -10 -38
 Precipitation in mm 131 157 150 50 2 0 0 0 1 21 65 104

10 δDP in ‰ -24 -28 -32 -22 -19 23 4 3 2 4 -5 -27
 Precipitation in mm 93 109 81 25 3 1 2 0 2 10 38 54
11 δDP in ‰ -27 -30 -34 -21 -14 24 -4 -4 -3 2 -7 -24
 Precipitation in mm 63 78 58 33 6 2 1 1 4 12 25 32

12 δDP in ‰ -31 -34 -39 -25 -17 23 -6 -6 -4 -2 -10 -28
 Precipitation in mm 87 98 70 39 8 2 1 1 4 12 29 36

13 δDP in ‰ -21 -23 -23 -20 -15 3 -10 -9 -5 -5 -9 -19
 Precipitation in mm 14 23 29 15 4 4 4 2 3 6 9 11
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5.1.	 Abstract

Global and local climatic forcing, e.g. concentration of atmospheric CO2 or inso-
lation, influence the distribution of C3 and C4 plants in southwest Africa. C4 plants 
dominate in more arid and warmer areas and are favoured by lower pCO2 lev-
els. Several studies have assessed past and present continental vegetation by the 
analysis of terrestrial n‑alkanes in near-coastal deep sea sediments using single 
samples or a small number of samples from a given climatic stadial. The objectives 
of this study were to evaluate vegetation changes in southwest Africa with regard 
to climatic changes during the Late Pleistocene and the Holocene and to eluci-
date the potential of single sample simplifications. We analysed two sediment cores 
at high resolution, altogether ca. 250 samples, from the Southeast Atlantic Ocean 
(20°S and 12°S) covering the time spans of 23 to 2 ka and 73 to 2 ka, respectively. 
Our results for 20°S showed marginally decreasing C4 domination (of ca. 5%) from 
the Last Glacial Maximum (LGM) to the present based on average chain length 
(ACL27‑33 values) and carbon isotopic composition of the C31 and C33 n‑alkanes. 
Values for single samples from the LGM and the Holocene overlap and, thus, are 
not significantly representative of the climatic stadial they derive from. In contrast, 
at 12°S the n‑alkane parameters show a clear difference of plant type for the Late 
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Pleistocene (C4 domination, 66% C4 on average) and the Holocene (C3 domina-
tion, 40% C4 on average). During deglaciation, vegetation change highly correlates 
with the increase in pCO2 (r²= 0.90). Rapidly occurring climatic events like Heinrich 
Stadials or Antarctic warming periods are not reflected by vegetation changes in 
the catchment area. Instead, smaller vegetation fluctuations during the Late Pleisto-
cene occur in accordance with local variations of insolation. 

5.2.	 Introduction

Climate change, e.g. during glacials and interglacials, may lead to substantial 
alteration in terrestrial plant zonations. These adaptations of vegetation may involve 
variations in the distribution of C3 (e.g., trees) and C4 plants (mostly grasses). In 
order to depict past vegetation changes, n‑alkanes in aquatic sediments have 
been proven to be valuable proxies (e.g., Schefuß et al., 2005; Rommerskirchen 
et al., 2006a; Castañeda et al., 2009; Collins et al., 2011; Sinninghe Damsté et al., 
2011; Vogts et al., 2012; Collins et al., 2013). n‑Alkanes from terrestrial plants (e.g., 
Eglinton and Hamilton, 1967) are transported to the ocean adjacent to the continent 
or to lakes by wind or rivers. Upon continuing sedimentation n‑alkanes form an 
archive of information on past terrestrial vegetation due to plant specific differences 
in n‑alkane composition.

In southwest Africa, C4 plants produce longer chain n‑alkanes with a heavier 
stable carbon isotope composition than C3 plants (Rommerskirchen et al., 2006b; 
Vogts et al., 2009). The difference in their isotopic composition is due to different 
carbon fixation pathways. While C3 plants assimilate atmospheric CO2 via the Cal-
vin-Bassham-Cycle, C4 plants preconcentrate CO2 before incorporating it into this 
cycle (Bassham et al., 1954; Hatch, 1987). This initial step leads to higher CO2 
concentrations inside the cell as well as higher water use efficiency and avoids 
photorespiration, which reduces the net CO2 assimilation in C3 plants (Tipple and 
Pagani, 2007). The differences in carbon fixation lead to advantages for C4 plants, 
compared to C3 plants, in more arid and warmer areas as well as during glacials, 
which are characterised by lower concentrations of atmospheric CO2, higher ice 
volume and cooler global temperatures in comparison to interglacials (e.g., Sage, 
2004).

In the past, global climate changed as a result of, e.g., variations in insolation. The 
amount of solar radiation reaching the upper atmosphere depends on the position of 
the earth relative to the sun and has lead to the glacial/interglacial cycles through-
out the Quaternary (for an overview see, e.g., Pierrehumbert, 2010). Conclusions 
on past ice volumes are drawn from δ18O values of benthic foraminifera which are 
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related to the oxygen isotopic signature of sea water, which depends on the amount 
of oxygen stored in ice and therefore on the global ice volume (for an overview see, 
e.g., Hoefs, 2004; Sharp, 2007). In contrast, atmospheric CO2 concentrations are 
measured directly from air bubbles enclosed in ice cores (Barnola et al., 1987; Petit 
et al., 1999). 

Glacial climate conditions also fluctuated during Heinrich Stadials or Antarctic 
warming periods. In the Northern Hemisphere, the debris of ice-rafting in sedi-
ments is associated with intervals of cooler temperatures (Heinrich Stadials). In 
the Southern Hemisphere, however, the short-term Heinrich Stadials are marked 
by warmer conditions and a southward migration of the Intertropical Convergence 
Zone (Heinrich, 1988; Crowley, 1992; Vellinga and Wood, 2002; Sanchez Goñi 
and Harrison, 2010). In contrast, the short-term Antarctic warming periods are not 
reflected in the Northern Hemisphere (Blunier et al., 1998; Blunier and Brook, 2001). 
The interplay and effects of these climate fluctuations on African vegetation are still 
a matter of controversial discussion (e.g., Hessler et al., 2010; Schefuß et al., 2011). 

Studies investigating vegetation changes have either addressed local changes 
by analysing long core sections (e.g., Schefuß et al., 2005; Dupont et al., 2008) or 
targeted longitudinal effects by looking at single or a small number of samples of 
given climatic stadials from different coring locations (e.g., Rommerskirchen et al., 
2006a; Vogts et al., 2012). 

Here we present and discuss data for two sediment core locations in the South-
east Atlantic Ocean (12°S, 20°S), which both cover the current interglacial and parts 
of the last glacial. On the basis of sedimentary n‑alkanes we evaluate if and how 
vegetation changes in southwest Africa reflect different climatic parameters (e.g., 
atmospheric CO2 concentration, insolation changes, Heinrich Stadials or Antarctic 
warming periods). We further elucidate whether single sample approaches can be 
representative.

5.3.	 Material and methods

5.3.1.	 Samples and geological setting

We studied sediment cores from two different locations in the Southeast Atlantic 
Ocean north of and on Walvis Ridge (Fig. 5.1). Cores of the southern and northern 
location were retrieved during RV Meteor cruises M34/2 and M41/1 in 1996 and 
1998, respectively. We collected 73 samples from a multicorer (GeoB 3711‑1) and 
the upper part of a gravity corer (GeoB 3711‑3) both recovered at the same location 
at 19°50´S in 1200 m water depth (Fig. 5.1b; Wefer et al., 1997). From the northern 
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gravity core GeoB 4917‑8, recovered at 11°54`S in a water depth similar to the 
southern core (1300 m; Schulz et al., 1999), 184 samples were analysed.

Site GeoB 3711 is located in the cold northward flowing Benguela surface cur-
rent. Site GeoB 4917 is situated in the Angola Current, a warm-water, surface cur-
rent flowing southward. Both currents converge between the sample locations and 
form the Angola-Benguela- Front (Fig. 5.1a; Peterson and Stramma, 1991).

Both coring locations face continental regions presently characterised by different 
vegetation zones. Adjacent to the southern site the coastal Namib Desert is barely 
vegetated. Further inland, vegetation changes from exclusively C4 (100 - 90% C4) to 
C4 plant dominated areas (90 - 50% C4; Fig. 5.1a). Northward, vegetation changes 
from grassland to woodlands and forest indicating that the northern coring site faces 
C3 plant dominated areas (Fig. 5.1a; Mayaux et al., 2004; Still and Powell, 2010). 

Fig. 5.1: Locations of analysed and neighbouring cores, a) Africa with southeastern Atlantic surface 
currents (grey arrows, AC - Angola Current, BC - Benguela Current, ABF - Angola-Benguela- Front; 
after Peterson and Stramma, 1991) and Walvis Ridge (WR); magnified map section: investigated 
core locations (GeoB 4917‑8, 12°S, and GeoB 3711‑3, 20°S), prevailing winds (black arrows; after 
Dupont and Wyputta, 2003) and vegetation composition (after Still and Powell, 2010) of the adjacent 
continent, b) water depth profile and location of investigated (rectangle) and neighbouring cores 
(circles, GeoB 1016‑3 investigated by Rommerskirchen et al., 2003 and Rommerskirchen et al., 
2006a; GeoB 4917‑3 (same location as GeoB 4917‑8) investigated by Vogts et al., 2012; ODP 1079A 
investigated by Rommerskirchen et al., 2003 and Rommerskirchen et al., 2006a; and ODP 1078C 
investigated by Dupont et al., 2008, Collins et al., 2011 and Hessler et al., 2012).
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These spatial vegetation differences are a result of the differences in local climate. 
While at 20°S the climate on the continent is largely arid, precipitation increases 
northward (White, 1983; Vogts et al., 2012). 

5.3.2.	 Analytical procedures

5.3.2.1.	 Total inorganic carbon

All sediment samples were freeze dried and ground. Total inorganic carbon (TIC) 
content was measured according to Eckert et al. (2013) using a CM 5012 coulome-
ter coupled to a CM 5130 acidification module (UIC). The relative standard deviation 
(RSD) of an in-house standard was better than 1.5%.

5.3.2.2.	 Radiocarbon dating

To establish an age model, seven selected samples of core GeoB 4917‑8 
(12°S) were radiocarbon dated by Accelerator Mass Spectrometry measurement 
of foraminifera, carried out by Poznań Radiocarbon Laboratory (Poland). The 14C 
ages obtained were converted into calendar ages with the Calib 5.1.0 beta soft-
ware (Stuiver and Reimer, 1993; http://calib.qub.ac.uk/calib/download/) using the 
Marine04 calibration curve for the five youngest samples (Hughen et al., 2004). The 
two remaining samples were out of range of the marine calibration curve and were 
calibrated using the software of Fairbanks et al. (2005; http://www.radiocarbon.ldeo.
columbia.edu/research/radcarbcal.htm). All ages (1000 years BP) are abbreviated 
as ka. 

5.3.2.3.	 Extraction and liquid chromatography

The organic matter of 3 to 11 g freeze-dried and ground sediment from cores 
GeoB 3711‑3 and GeoB 4917‑8 was extracted using an Accelerated Solvent Extrac-
tor (ASE 200, Dionex) with CH2Cl2 and MeOH (9/1, v/v, 3 x 5 min, 70 bar, 100°C) 
as solvents. Randomly selected samples were repeatedly extracted in order to ver-
ify completeness of the process. Squalane and n‑nonadecan-10-one were added 
as internal standards. n‑Hexane-insoluble compounds were removed by dissolving 
the extract in n‑hexane and filtration over dry NaSO4. From the n‑hexane-soluble 
compounds the aliphatic/alicyclic hydrocarbon and polar heterocomponent fractions 
were separated by medium pressure liquid chromatography (Radke et al., 1980). 
Blank samples of purified sand went through the same procedure and did not show 
any significant contamination.
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5.3.2.4.	 Gas chromatography 

Long chain alkenones (in the heterocomponent fraction) and n‑alkanes were ana-
lysed by gas chromatography (Agilent 6890) with flame ionisation detector, helium 
as carrier gas and a high-temperature column (J&W, DB-5ht, 30 m length, 0.25 mm 
i.d., 0.1 µm film thickness). The temperature of the gas chromatograph (GC) oven 
was raised from 60°C at a rate of 3°C min-1 to 350°C and then held for 5 min. 

Before measurement, the heterocomponent fractions were derivatised with N-me-
thyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA), and n‑hexadecane was added as 
injection standard. The ketone unsaturation index (   

   ) was calculated by peak 
area and converted into sea surface temperature (SST) according to the calibration 
of Prahl and Wakeham (1987). Some values were controlled by repeated measure-
ments. In selected samples the identification of alkenones was verified by gas chro-
matography-mass spectrometry (Trace GC Ultra coupled to TSQ Quantum, Thermo 
Fisher Scientific).

n‑Docosanoic acid methyl ester was added as injection standard to the aliphatic 
hydrocarbon fraction. Individual n‑alkanes were identified by comparison of reten-
tion times with those of standard mixtures. Based on signal intensity and squalane 
as internal standard, n‑alkane abundances were calculated and are reported as 
µg g-1 sediment dry wt. Recovery of internal standard was 73% on average.

5.3.2.5.	 Stable carbon isotope analysis

The n‑alkanes of GeoB 3711‑3 were separated from branched and cyclic saturated 
hydrocarbons by urea adduction prior to carbon isotope analysis (Rommerskirchen 
et al., 2006b). The stable carbon isotopic composition of n‑alkanes was determined 
by two systems, i.e. HP 5890 or Agilent 6890N GC coupled to a Thermo Finnigan 
MAT 252 or MAT 253 isotope mass spectrometer via combustion interface (GC-II or 
GC-III), respectively. All gas chromatography conditions were identical to those used 
for n‑alkane quantification with the exception of injector and oven temperatures. For 
HP 5890, the conditions were those described by Vogts et al. (2012). For Agilent 
6890, the injector temperature was programmed from 60°C (held 8 s) to 305°C 
(held 2 min) at a rate of 10°C min-1. The GC oven was programmed from 60°C 
(held 2 min) to 300°C (held 18 min) at a rate of 3°C min-1. Where samples had been 
treated by urea adduction, the final oven temperature was held for 38 min. For each 
system, calibration was conducted by injection of repeated pulses of CO2 of known 
carbon isotopic composition at the beginning and at the end of each run. Between 
sample runs certified and lab standards (n‑alkanes and fatty acid methyl esters) 
were measured for quality control. Squalane with known isotopic composition was 
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used as internal standard. Where squalane had been removed during urea adduc-
tion, it was added to the samples prior to isotope analyses. Analysis on both sys-
tems lead to the same results. Results were only considered valid if the measured 
δ13C values of the standards differed by less than 0.5‰ from those of the known 
isotopic composition. Samples were run at least in duplicate and yielded values with 
a difference of less than 0.5‰.

5.3.2.6.	 X-ray fluorescence analysis

Extraction residues of sediments from GeoB 3711‑1 and ‑3 were prepared for 
X-ray fluorescence (XRF) analysis with a Philips PW-2400 WD-XRF spectrometer 
and measured according to the procedures of Eckert et al. (2013). Possible con-
tamination or alteration due to the extraction process was controlled by XRF meas-
urement of two selected samples prior and after extraction. For interpretation only 
major element oxides were considered that had not been affected in their concen-
tration by extraction. An in-house standard (Peru 1) was repeatedly measured and 
RSD for major element oxides was <1%.

5.4.	 Age model

5.4.1.	 Age model for GeoB 3711‑3 (20°S)

The age model for 
GeoB 3711‑3 is based 
on alkenone-derived SST 
data and sediment loss 
estimation by compari-
son of results from GeoB 
3711‑3 and GeoB 3711‑1. 
A multicorer samples the 
undisturbed sediment sur-
face while a gravity corer 
potentially loses surface 
material during penetra-
tion into the sediment. The 
multicorer and gravity core 
sediment was recovered 
from the same location 
(Schulz et al., 1999). 

   

Fig. 5.2: Results for GeoB 3711‑1 and 3711‑3 (20°S): Major 
element oxides and total inorganic carbon (TIC) for samples 
retrieved by the multicorer and the gravity corer.
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To determine the surface sediment loss of the gravity corer, major element oxide 
and TIC values were analysed for both cores. Some element oxides (e.g., SiO2, 
Al2O3 and TiO2) as well as TIC revealed significant maxima and minima in both 
cores (Fig. 5.2). For example, the SiO2 content shows a peak in the multicorer 
between 17 and 24 cm below sea floor (bsf) and in the gravity corer between 6 and 
19 cm bsf. We consider these peaks to represent the same event and estimated a 
sediment loss of 12 cm for the gravity corer. Data for Al2O3, TiO2 and TIC corrobo-
rate this estimation.

To establish an age model, we compared our SST data to alkenone-derived SST 
values of a nearby core from within the Benguela Current regime and recovered 
from a similar water depth (ca. 23°S, 1000 m; Kirst et al., 1999). Kirst et al. (1999) 
based their age model on oxygen isotope analysis of planktonic foraminifera and 
correlated their results to a radiocarbon-dated core described by Summerhayes 
et al. (1995). In the study of Kirst et al. (1999), SST increased from 14°C to 19°C 
between 50 and 10 ka and remained largely uniform during the Holocene. This 
trend resembles that observed in our study. Here, SST increases from 16°C in the 
lower part of the core to a largely uniform average of around 18.5°C above 38 cm 
bsf (Fig. 5.3). Based on comparison with the data of Kirst et al. (1999) we assigned 
an age of 10 ka to the sample at 38 cm bsf. The resulting sedimentation rate of 
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5 cm ka-1 is similar to that determined by Kirst et al. (1999). With the age assumption 
in combination with a uniform sedimentation rate and taking into account the core 
loss, the investigated core section represents material of a time interval from 23 to 
2 ka. Due to the extent of scattering in the SST data, however, this age model only 
serves as an approximation.

5.4.2.	 Age model for GeoB 4917‑8 (12°S)

The age model for GeoB 4917‑8 is based on radiocarbon dating of seven selected 
samples and verified by evaluation of alkenone-derived SST data (Fig. 5.4). The con-
version of 14C ages into calendar ages employs a marine reservoir age of 400 years 
(Hughen et al., 2004; Fairbanks et al., 2005). For the vicinity of GeoB 4917‑8 no 
other local reservoir effect has been reported (Lewis et al., 2008; Dewar et al., 
2012). The assumption of a 400 year reservoir effect was likewise made by Dupont 
et al. (2008) for Ocean Drilling Project (ODP) site 1078 less than 50 km away from 
GeoB 4917‑8 (Fig. 5.1b). The study area is influenced by the Angola Current, a 
warm surface current. There open ocean effect is pronounced (van Bennekom and 
Berger, 1984; Peterson and Stramma, 1991; Wefer et al., 1998), which supports 
our approximation. Butzin et al. (2005), however, estimated a present-day surface 
reservoir effect of 400 years and a glacial reservoir effect of maximally 600 years 
for this region based on radiocarbon simulation. They acknowledged, however, that 
systematic uncertainties in modelling past climatic conditions may occur. On the 
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other hand, a shift of an additional 200 years during the glacial does not change our 
age approximation significantly. Thus, a potential change in reservoir effect was not 
taken into account. 

With the assumptions made, the radiocarbon-dated samples have calibrated 
ages ranging from 37.4 to 3.4 ka (Table 5.1, Fig. 5.4). Assuming a uniform sedimen-
tation between two radiocarbon dated samples and in the deeper core section, the 
age range of the analysed core section extends from 73 to 2 ka.

To verify the age model estimated by radiocarbon dating, we analysed alkenone- 
derived SST values. The data vary between 18°C and 25°C with highest temper-
atures calculated for the upper part of the core (Fig. 5.4). SSTs decrease between 
73 and 65 ka from 23°C to ca. 20°C and remain uniform around 19°C until 38 ka. 
Further upcore, values increase to ca. 24°C. At ca. 14 ka SST drops to a minimum 
value of 18°C. A similar albeit less pronounced temperature decline was found by 
Dupont et al. (2008) in a similar time interval. 

Based on radiocarbon dating the investigated core contains material from a gla-
cial (Late Pleistocene) and an interglacial (Holocene) time period. High SST values 
(>22°C) were found for the Holocene, whereas Late Pleistocene SSTs are below 
20°C. In the Late Pleistocene the coolest SSTs occur between 65 and 35 ka. Hessler 
et al. (2011) estimated SSTs of Southern Hemisphere summer and winter by Mg/Ca 
analyses of two planktonic foraminifera at ODP site 1078. They found coldest SST 

Table 5.1: Radiocarbon dates (estimated with Calib- software 5.1.0 beta for samples from 0.2 to 
2.75 m bsf and software of Fairbanks et al., 2005 for samples from 3.80 to 4.85 m bsf) and sedimen-
tation rates; all ages = BP, calendar age = mean value.

Depth 
[m bsf]

14C ages
Calendar 

age
Sedimentation 
rate [cm ka-1]

0.2 3 510 ± 40 3 393
12.40

1.05 9 400 ± 60 10 245
12.42

1.58 12 880 ± 90 14 513
35.76

2.05 13 750 ± 100 15 828
13.92

2.75 18 090 ± 160 20 857
12.49

3.80 24 440 ± 390 29 262
12.77

4.85 32 100 ± 1 300 37 483
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values between 50 ka (their oldest sample) and 35 ka and associated them with an 
intensification of the Benguela Current. Our mean annual SSTs are within the range 
of their results.

Schneider et al. (1995) analysed alkenone-derived SST data for the last 200 ka 
from a sediment core (11°35`S) with a minimum in SST at around 50 ka. Their 
SST development was similar to ours in temperature trend as well as values. For 
example, in our and their cores the increase of SST from the Last Glacial Maximum 
(LGM) to the Holocene is ca. 3°C. As a difference, SST values of Schneider et al. 
(1995) did not show the decline at around 14 ka. But the resolution for their core was 
about 2 ka. Therefore, the ≈1.4 ka temperature drop observed here could have been 
missed due to the lower time resolution.

The sedimentation rate for core GeoB 4917‑8 estimated from the presented 
age model is around 13 cm ka-1 except for sediments between 15.8 to 14.5 ka 
(36 cm ka-1). A similarly high sedimentation rate, up to three times higher than aver-
age, during this time interval was also found for site ODP 1078 (Dupont et al., 2008). 

Comparison with SST and literature data appears to verify the presented age 
model for GeoB 4917‑8 as a sufficiently substantiated approximation.

5.5.	 Results

All data are available in the PANGAEA database (http://doi.pangaea.de/10.1594/
PANGAEA.831446). All samples from the two core locations contain long chain n‑al-
kanes with an odd/even carbon number predominance. Carbon preference indices 
(CPI27‑33) are 5.9 and 5.5 on average for GeoB 3711‑3 (20°S) and GeoB 4917‑8 
(12°S), respectively (Marzi et al., 1993). 

5.5.1.	 GeoB 3711‑3 (20°S)

The n‑alkane distribution patterns are dominated by the C31 homologue. To deter-
mine chain length variations, we calculated the average chain length (ACL) for the 
C27 to C33 n‑alkanes (Poynter, 1989). ACL27‑33 values increase slightly downcore 
(Fig. 5.3).

The carbon isotopic composition of the C29 n‑alkane is fairly uniform throughout 
the core whereas δ13C31 and δ13C33 just slightly increase downcore. The analytical 
variation of the isotope ratios of only 1‰ on average additionally masks the trends. 
Therefore, lines representing the three-point moving average were added to the 
graphs (Fig. 5.3). 

To estimate the proportion of C4 plants from n‑alkane parameters (ACL27‑33, 
δ13C29, δ13C31, δ13C33), we used a binary mixing equation according to Vogts et al. 
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(2012). As end member data for C3 and C4 plants values were used from Vogts et 
al. (2009) and Rommerskirchen et al. (2006b), respectively (Table 5.2). All calcu-
lated proportions show a C4 domination ranging from 50 to 97% (Fig. 5.3). Similar 
values for n‑alkane parameters in this region were found by Collins et al. (2011), 
Rommerskirchen et al. (2003), Rommerskirchen et al. (2006a) and Vogts et al. 
(2012).

5.5.2.	 GeoB 4917‑8 (12°S)

The n‑alkane distribution patterns were dominated either by the C29 or C31 homo-
logues. ACL27‑33 values for the oldest samples and during the Holocene are lower 
than during times in between (Fig. 5.4). From 65 to 15 ka ACL27‑33 values fluctuate 
with high values at around 40 and 16 ka and low values at around 55 ka. 

The carbon isotopic compositions of the three dominant n‑alkanes show a con-
sistent pattern throughout the core: C29 is the lightest n‑alkane while C33 is heavier 
than C31 (Fig. 5.4). The δ13C29 values stay nearly uniform in the analysed core 
section. Even though C31 varies the most, C33 and C31 follow the same trends. 
δ13C values for the latter two components increase from 73 to 65 ka and stay fairly 
uniform until 15 ka with minima around 50 and 29 ka. The lowest δ13C values occur 
during the Holocene. Similar results for CPI27‑33, ACL27‑33 and δ13C in the South-
east Atlantic Ocean and in these time sections were found by Rommerskirchen et 
al. (2003), Rommerskirchen et al. (2006a), Schefuß et al. (2004) and Vogts et al. 
(2012), even though they only employed surface sediments or single samples for 
each time interval.

In order to take different hydrocarbon proportions into account, the weighted mean 
average (WMA) for the C29, C31 and C33 n‑alkanes was calculated. δ13CWMA29‑33 
follows the trend of the n‑C31 alkane (Fig. 5.4).

All percentages of C4 (calculated from ACL27‑33, δ13C29, δ13C31, δ13C33, 
δ13CWMA29‑33; cf. Section 4.1) range from C3 dominated to C4 dominated vegetation 
albeit to different extents depending on the parameter used for calculation (Fig. 5.4). 

Table 5.2: End member data with standard deviation representing the variation width within the 
dataset. Data for C3 plants represent the mean value of two averaged datasets (24 rainforest and 44 
(δ13C)/45 (ACL27‑33) savannah plants; Vogts et al., 2009); data for C4 plants consist of 33 average 
values from Rommerskirchen et al. (2006b).

End member 
data for

δ13C29 [‰] δ13C31 [‰] δ13C33 [‰] δ13CWMA29‑33 [‰] ACL27‑33

C3 plants -35.4 ± 2.6 -35.7 ± 2.8 -35.3 ± 1.9 -35.6 ± 2.6 29.9 ± 0.8
C4 plants -21.6 ± 2.0 -22.1 ± 2.1 -22.2 ± 1.8 -22.0 ± 1.9 30.9 ± 0.6
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5.6.	 Discussion

5.6.1.	 GeoB 3711‑3 (20°S)

High CPI27‑33 values (>>1) representing the odd/even carbon number predom-
inance of long chain n‑alkanes are a typical indicator for an unaltered land plant 
signal in sediments (Eglinton et al., 1962; Eglinton and Hamilton, 1967; Collister et 
al., 1994; Rommerskirchen et al., 2006b; Vogts et al., 2009). 

The numerical values of the LGM n‑alkane data at 20°S overlap with those of the 
Holocene samples (Fig. 5.3). Apparently, during deglaciation (20 to 10 ka) vegeta-
tion remained largely unchanged.

All n‑alkane parameters (ACL27‑33, δ13C29, δ13C31, δ13C33) reveal that the ter-
restrial organic matter in the Southeast Atlantic Ocean sediments is mainly derived 
from C4 plants (Fig. 5.3). Land plant material in this area is transported from the 
African continent to the ocean by easterly winds because there is no major river 
mouth near the coring location (Bremner and Willis, 1993; Dupont and Wyputta, 
2003). On the adjacent continent vegetation changes from a small C3 plant-domi-
nated coastal area to mainly or nearly exclusively C4 plant-dominated regions fur-
ther inland (Fig. 5.1a). The vegetation signal in the sediments is a mixture of both 
regions with the main contribution coming from the C4 dominated interior of the 
continent (Vogts et al., 2012).

Except for the δ13C29 data, the n‑alkane parameters indicate a marginal shift 
to decreasing C4 plant proportions from the LGM to the Holocene. In some of the 
LGM samples the percentage of C4 plant material is as low as during the Holocene 
(Fig. 5.3). Thus, we assume that the vegetation in the source area hardly changed 
during the last 20 ka even though climate during the LGM was described as having 
been cooler and more arid than today (Shi et al., 1998). The other way around, no 
stringent deductions about climate changes can be drawn from our results.

5.6.2.	 GeoB 4917‑8 (12°S)

5.6.2.1.	 Origin of n‑alkanes

All samples show CPI27‑33 >>1 which excludes a petroleum origin for the long 
chain n‑alkanes (Simoneit, 1984). High CPI values and an odd/even carbon number 
predominance, like for core GeoB 3711‑3, point to an origin primarily from terrestrial 
higher plants (Eglinton et al., 1962; Eglinton and Hamilton, 1967; Collister et al., 
1994; Rommerskirchen et al., 2006b; Vogts et al., 2009). 

ACL27‑33 values are in the range reported for terrestrial plants of the adjacent 
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continent (Fig. 5.4; Rommerskirchen et al., 2006b; Vogts et al., 2009). The ACL27‑33 
value of the youngest sample in this study is close to that determined by Vogts et 
al. (2012) in a surface sediment sample from the same location to here (Fig. 5.1b). 
In Holocene and LGM sediments recovered near the investigation area of this study 
Rommerskirchen et al. (2003) and Rommerskirchen et al. (2006a) found quite sim-
ilar ACL27‑33 values. The ACL27‑33 graph correlates noticeably well with the graphs 
of δ13C31, δ13C33, and δ13CWMA29‑33 (r²= 0.68, r²= 0.66 and r²= 0.74, respectively; 
Figs. 5.5a, b and c). This relationship was also found by Rommerskirchen et al. 
(2003) but on a much smaller number of samples. 

The trend to isotopically heavier n‑alkanes from C29 over C31 to C33 results 
from the different contribution of plants with different metabolic pathways to the 
members of the homologous series (Rommerskirchen et al., 2006a; Vogts et al., 
2012). C4 plants produce longer and isotopically heavier n‑alkanes than C3 plants 

Fig. 5.5: Linear correlations (black rectangles) of ACL27‑33 with isotopic composition (GeoB 4917‑8; 
12°S, a, b and c) and of %C4 with pCO2 (d; Petit et al., 1999; Indermühle et al., 2000; Monnin et al., 
2004), SST (e) and local insolation of the postulated source area (f; 14°S, calculated with La2004; 
Laskar et al., 2004); %C4 is calculated from δ13C31; grey symbols: data are not included to the cor-
relation.
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(Rommerskirchen et al., 2006b; Vogts et al., 2009). Thus, C4 plants contribute more 
to the C33 n‑alkane in the sediments than to the C29 homologue, which is relatively 
more abundantly produced by C3 plants. Therefore, the δ13C29 values stay largely 
uniform throughout the core. This is in agreement with a study near the Congo River 
mouth where δ13C29 changes since the LGM were observed to be even smaller than 
here (Schefuß et al., 2005). 

The C31 n‑alkane is produced in high proportions by both plants types. Hence, 
in the upper and lower part of the core, where the contribution of C4 plants is low, 
δ13C31 is similar to δ13C29. In the middle core section, where C4 plants contributed 
significant amounts of plant material to the sediment, δ13C31 values are similar to 
δ13C33 values. An analogous isotopic pattern of these n‑alkanes was found by Vogts 
et al. (2012) in surface sediments of the Southeast Atlantic Ocean in a north to south 
transect with vegetation derived from rain forest in the north (mainly C3) to grass 
savannah plant material further south (mainly C4). Thus, in this study the carbon 
isotopic composition of the C31 n‑alkane data most sensitively reflect the secular 
vegetation changes on the nearby African continent throughout the core. Therefore, 
the following carbon isotope-based discussion is focused on δ13C31. 

The %C4 value of recent sediments analysed by Vogts et al. (2012) matches with 
our most recent sample. %C4 calculated by Rommerskirchen et al. (2006a) differs 
slightly. But for their calculations different end member values were used. End mem-
ber values used here are based on a significantly extended dataset (Vogts et al., 
2009). If they are applied to the δ13C values of Rommerskirchen et al. (2006a), this 
leads to the same C4 contribution. On the adjacent continent current vegetation con-
tains less C4 plants than elucidated from the sediments (Figs. 5.1a and 5.4). This is 
a result of prevailing east-southeast winds which transport material from areas with 
higher C4 vegetation (Dupont and Wyputta, 2003; Vogts et al., 2012).

C4 abundance calculated with ACL27‑33 is similar in its general appearance but 
systematically lower than calculations using δ13C31 (Fig. 5.4). Vogts et al. (2012) 
attributed this to the limited database of end member values used for the calcu-
lations. In addition, a direct link to photosynthesis pathways was discovered for 
the carbon isotope composition but not for n‑alkane chain length (O’Leary, 1981; 
Schidlowski, 1987). Therefore, the correlation between ACL and %C4 is most likely 
indirect and may be related to the different environmental conditions of the habitats.
 

5.6.2.2.	 Source area

Compared to other studies in this area, our results (ACL, δ13C31, %C4) match the 
best those of Vogts et al. (2012). Schefuß et al. (2004) found a higher proportion of C4 
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plants in recent sediments at ca. 10°S (5300 m water depth) than at this site (70% C4 
and <50%, respectively). Comparing our data with those of Rommerskirchen et al. 
(2006a; ODP site 1079 from 740 m water depth and GeoB 1016‑3, 3400 m water 
depth; Fig. 5.1b), δ13C31 values are similar for the mid- to late-Holocene but differ 
up to 4‰ between 18 and 19 ka. 

Collins et al. (2011) investigated a nearby core from 500 m water depth (ODP site 
1078; Fig. 5.1b) and calculated %C3 from δ13C31 using end member values similar 
to those used in this study. Their estimation of vegetation composition is similar to 
ours for the LGM and the late Holocene. For deglaciation and mid-Holocene their 
data show up to 35% lower abundances of C4 plants. 

The discrepancies between our and the above mentioned studies may be attrib-
uted to different water depths of sampling sites or significantly different distances 
to the continent. A dependence of n‑alkane parameters, including isotopic compo-
sition, from these geographic parameters was already discussed by Vogts et al. 
(2012) and Rommerskirchen et al. (2003). The trend in decreasing ACL27‑33 values 
with increasing water depths in this and the studies of Rommerskirchen et al. (2003) 
and Rommerskirchen et al. (2006a; ODP site 1079 and GeoB 1016‑3; Fig. 5.1b) 
supports the idea of the geographic influence.

Especially shallow sediments receive material from neighbouring rivers. Collins 
et al. (2011) concluded that the main proportion of the material contributing to their 
core (ODP 1078; Fig. 5.1b) has been delivered from Balombo river drainage and 
that wind transport was not abundant. The prevailing wind direction in this area is 
southeast, whereas the Balombo river flows from the highlands to the coast and 
discharges north of the sampling sites. Material is then transported southward by 
the Angola Current (Fig. 5.1a; van Bennekom and Berger, 1984). As a result, wind 
carries terrestrial material from further south than the Balombo river. At our site, 
however, the sediments received land plant material probably exclusively via wind 
transport (Vogts et al., 2012). 

In order to support the idea of different source areas further, we have compared 
our results with pollen studies from the same core that Collins et al. (2011) had inves-
tigated (ODP 1078; Dupont et al., 2008; Hessler et al., 2012). The pollen data of the 
last 50 ka concur with the results of Collins et al. (2011) regarding the vegetation 
change from grassland/savannah (mainly C4) to woodland (mainly C3). At their site 
(ODP 1078), n‑alkane parameters show a vegetation change from C4 dominated to 
mainly C3 between 22 and 19 ka. In our study, however, the transition during degla-
ciation begins slightly later (ca. 20 ka; Fig. 5.4). Comparing the northern source area 
of ODP 1078 land plant material with our results indicates that woodlands spread 
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from north to south during deglaciation. Therefore, results from Collins et al. (2011) 
should differ from our results only during deglaciation. Thus, we conclude that dif-
ferences between neighbouring cores in this case are due to different source areas.
 

5.6.2.3.	 Influence of global climate on vegetation

The percentage of C4 plants based on δ13C31 varies between 30% and 90% 
(Fig. 5.4). C4 plants outcompete C3 plants at high temperatures, high light intensity 
and more arid conditions as well as lower pCO2 (Ehleringer et al., 1997; Maley, 
1991; Tipple and Pagani, 2007). The interplay of these climatic parameters is quite 
complex and not for all parameters data are available for the past. Some informa-
tion can, however, directly or indirectly be deduced. Analyses of Antarctic ice cores 
reveal past global pCO2 data, which correlate with global temperature (Barnola et 
al., 1987; Petit et al., 1999). Another global climate signal are glacial-interglacial 
cycles reflected by δ18O values (e.g., Hoefs, 2004; Sharp, 2007). Both parameters 
display the shift from Pleistocene to Holocene (Fig. 5.6). This shift is also reflected 
by the contemporaneous vegetation deduced in this study. Furthermore, pCO2 cor-
relates well with %C4 (r²= 0.90; Fig. 5.5d) during deglaciation (Petit et al., 1999; 
Indermühle et al., 2000; Monnin et al., 2004). In addition, samples from Late Pleis-
tocene (low pCO2 values and high %C4) and Holocene (high pCO2 values and low 

Fig. 5.6: Comparison of δ13C31 and calculated %C4 (GeoB 4917‑8, 12°S) with benthic foraminiferal 
δ18O data (Lisiecki and Raymo, 2005), pCO2 (Petit et al., 1999; Indermühle et al., 2000; Monnin et 
al., 2004) and local insolation of the postulated source area (14°S, calculated with La2004; Laskar et 
al., 2004); HS - Heinrich Stadial (Sanchez Goñi and Harrison, 2010), AW - Antarctic warming periods 
(Blunier et al., 2001).
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%C4) are clearly separated.
The shift to higher pCO2 and warmer climate during deglaciation is accompanied 

by a trend to higher C3 plant abundance in southwest Africa. At first sight, the lower 
temperatures of the Late Pleistocene should be advantageous for C3 plants (e.g., 
Ehleringer et al., 1997). But the Late Pleistocene was also dryer than the Holocene, 
which favours C4 plants (e.g., Gasse, 2000; Weldeab et al., 2007). In addition, lower 
pCO2 shifts the crossover point above which C4 plants benefit from higher temper-
atures to lower values (Ehleringer et al., 1997). 

In contrast to the vegetation change during deglaciation, the smaller maxima in 
%C4 (about 60 ka, 40 ka and 20 ka; Fig. 5.6) are not reflected by the pCO2 curve. 
Thus, we evaluated if the %C4 maxima correlate with other known climate events, 
such as Northern Hemisphere Heinrich Stadials and Antarctic warming periods. The 
Northern Hemisphere is coupled via atmosphere and ocean to the Southern Hemi-
sphere. High latitude temperature fluctuations may be coupled to tropical tempera-
tures (Charles et al., 1996).

Heinrich Stadials are characterised by short-term warmer conditions in the 
Southern Hemisphere (Crowley, 1992; Broecker, 1998; EPICA, 2006; Barker et al., 
2009). This should lead to more humid conditions on the continent and thus to more 
abundant C3 plants (Hessler et al., 2010, 2012). Our results, however, do not show 
any change in vegetation composition during Heinrich Stadials (Fig. 5.4). These 
findings concur with those for the sediments from ODP 1078 (Hessler et al., 2012). 
There, the absence of vegetation variations was attributed to changes in the inten-
sified hydrological cycle during warmer conditions: Precipitation and evaporation 
both intensified and resulted in a small net moisture supply for plant communities. 
Consequently, the effect on vegetation was considered negligible. 

Antarctic warming periods were shown to occur by Antarctic ice core studies 
(Blunier et al., 1998; Blunier and Brook, 2001). A warming of the Southern Hem-
isphere should lead to wetter conditions, which in turn are advantageous for C3 
plants. Our results include the last five warmings but neither show an increase nor 
a decrease in C4 composition exceeding the variation width of the data. Vegetation 
composition, thus, may have been insensitive to Antarctic warming events.

High-latitude climate fluctuations during the Late Pleistocene seem to have a 
negligible influence on southwestern African vegetation. Blunier et al. (1998) dis-
cussed that the coupling between the hemispheres is only weak, which would also 
indicate a weak coupling between high and low latitudes. This may explain why 
our results do not show significant effects of high-latitude climate fluctuations on 
low-latitude vegetation. Additionally, SST data show only a weak correlation with 
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%C4 (r²= 0.27; Fig. 5.5e), which points to a minor influence of marine conditions on 
continental vegetation. 

5.6.2.4.	 Insolation effects on local vegetation

Another determining climate factor acting on local scale is the astronomical forc-
ing which results, for example, in varying insolation (e.g., Hays et al., 1976). We cal-
culated climatic conditions and local insolation for a continental region (ca. 350 km 
from the coast, 14°S) using the WebWIMP modeling program (Table 5.3; Matsuura 
et al., 2009) and La2004 (Fig. 5.6; Laskar et al., 2004). For this postulated source 
region, Vogts et al. (2012) found the best correlation between sedimentary n‑al-
kane signals and vegetation composition. In this area today’s growing season lasts 
from November to April with highest water availability (here defined as precipitation 
minus evaporation) for plants during March (Table 5.3). Although growing season 
length was two month shorter during the LGM than today, LGM wind patterns devi-
ated only insignificantly from today’s conditions (Dupont and Wyputta, 2003; Collins 
et al., 2011). We therefore assume that the growing season was shorter during LGM 
but its seasonality was unaltered during the last 70 ka. In contrast to C3 plants, C4 
plants start growth at the end of the growing season (Winslow et al., 2003). For this 
reason and because of the highest water availability during March, we used the 
mean monthly insolation for March in our approach. However, the illustrated inso-
lation is not equal to the insolation that reaches the plant because insolation will be 

Table 5.3: Mean monthly temperature and water availability (precipitation minus evapotranspiration) 
in the postulated source area (ca. 350 km from the coast, 14°S) of GeoB 4917‑8 (12°S) calculated 
by the WebWIMP modeling program (Matsuura et al., 2009).

Month Temperature [°C]
Water availability 

[mm month-1]
Jan 22 100
Feb 22 73
Mar 22 104
Apr 21 13
May 19 -56
Jun 17 -45
Jul 17 -46
Aug 19 -66
Sep 22 -83
Oct 23 -51
Nov 22 32
Dec 22 71

5. Influence of Late Pleistocene and Holocene climate on vegetation distributions

123



reduced in the atmosphere (e.g., due to reflection).
The oscillating local insolation in March shows great similarity to the variation of 

%C4 between 50 and 10 ka (Fig. 5.6). Between 73 and 50 ka both curves appear to 
be slightly out of phase. This may be due to dating uncertainties in the deeper part of 
the core. The oldest radiocarbon-dated sample is at 37 ka (Table 5.1). Sedimentation 
rates were assumed to be uniform downcore but sedimentation rates and estimated 
ages may not be totally exact. However, during the radiocarbon-dated period prior 
to the LGM (37 - 20 ka) %C4 positively correlates with insolation (r²= 0.63; Fig. 5.5f). 
During deglaciation the insolation effect on C4 plant abundance are overlain by the 
above mentioned global climatic factors and therefore not taken into account. A cor-
relation between insolation and C4 plant abundance was also found for East Africa 
(Schefuß et al., 2003a). In contrast, in northwest Africa vegetation remained unaf-
fected by insolation variations (Niedermeyer et al., 2010). In the African rainforest 
tree pollen abundance (C3) changes simultaneously with insolation (Dupont, 2011). 

Higher insolation potentially favours the growth of C4 plants because of their lack 
of photorespiration (Long, 1999; Still et al., 2003). As a result, growth of C4 plants 
is not limited by higher levels of insolation. Global C4 distribution, however, is not 
well correlated with insolation (Teeri, 1988 and references therein). Thus, higher 
insolation may only indirectly lead to conditions favourable to C4 plants by affecting 
temperature and precipitation. 

Higher insolation leads to increased temperature (e.g., Kutzbach, 1981). Growing 
season temperature was described as the dominant factor controlling the distribu-
tion of C3 and C4 plants (Teeri and Stowe, 1976; Teeri, 1988; Sage et al., 1999b). 
The distribution of C3 and C4 plants is further dependent on timing of precipitation 
(Ehleringer and Monson, 1993; Amundson et al., 1994; Sage et al., 1999b). C4 
plants dominate in regions where summers are hot and wet followed by dry winters. 
In contrast, C3 plants grow during cooler wet seasons. Although C3 plants dominate 
in wet African regions, C4 plants can also occur in wet regions if some other factors 
rule out C3 dominance (Sage et al., 1999b). 

With higher insolation sea-land temperature contrast and monsoon activ-
ity increase. This leads to higher precipitation on the continent (Kutzbach, 1981; 
Kutzbach and Liu, 1997; Partridge et al., 1997; Niedermeyer et al., 2010). Other 
studies postulated that an enhancement of rain and temperature may not result in 
greater water availability for plants because evaporation also increases (Hessler et 
al., 2012). But also the timing of precipitation is essential: If precipitation and water 
availability increase during the warmer end of the growing season, this may lead to 
an increased growth of C4 vegetation. 
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The effect of increased growth of C4 plants may be further increased because 
this highly productive plant would provide more fuel for fire during dry seasons. Fire 
would promote the expansion of C4 plants by destroying and replacing C3 with C4 
plants (Bond et al., 2005; Beerling and Osborne, 2006; Osborne and Beerling, 2006; 
Daniau et al., 2010). Thus, fire effects may explain why C4 plants spread during 
times of increasing insolation. But they do not explain the decreasing C4 distribution 
when insolation declines.

Another factor enhancing the observed C4 variations may be the shading of these 
plants. C4 plants thrive in an open habitat where they recieve full sunlight, but they 
grow poorly in shaded regions, e.g., under the canopy of trees (C3 plants). As a 
results, if C3 plants shade C4 plants, those C4 plants would not be able to outcom-
pete these C3 plants (Sage and Kubien, 2003). But if C3 distribution decreases, C4 
plants obtain more sunlight and can thrive and spread.

In general, the interplay of climatic factors and their influence on the distribution 
of C3 and C4 plants is complex (Teeri, 1988). In the source area studied, insola-
tion may have been the key factor during the Late Pleistocene. Whether insolation 
is directly or indirectly responsible for vegetation changes needs to be verified. In 
other regions, however, different factors may control the climate-dependent change 
of vegetation composition. 

5.6.3.	 Glacial-interglacial differentiation by single samples

General informations on vegetation during glacials or interglacials, such as pre-
dominant plant type, are given by the cores from both locations studied. In this 
regard, single samples are representative for a given period. However, single sam-
ples approaches may become biased if extreme values are taken into account. Here, 
extreme values are revealed for 20 ka at 20°S and, e.g., 40 ka or 50 ka at 12°S, 
and they differ by up to 20% C4 plants. During periods of great vegetation changes, 
such as glacial-interglacial transitions, a single sample cannot be representative in 
all cases. In addition, a reliable age model is required for a single sample approach.

At 12°S, values for most n‑alkane parameters are clearly separated between the 
Late Pleistocene and the Holocene (Fig. 5.4). In these cases, single samples may 
be assigned to a glaciation state based on their n‑alkane signal. But where vegeta-
tion variation is minimal, e.g. at 20°S, this is not possible.

5.7.	 Conclusions

On the basis of terrestrial n‑alkanes we investigated the changes of southwest 
African vegetation during 23 to 2 ka (20°S) and 73 to 2 ka (12°S), respectively. At 
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20°S, the C4 domination in the continental source area remains fairly unaltered from 
the LGM to today. In contrast, at 12°S most n‑alkane parameters clearly separate 
the Late Pleistocene (66% C4 on average) from the Holocene (40% C4 on average). 

For both cores single samples are representative for the glacial or interglacial, but 
glacial-interglacial transitions need to be avoided for such approaches. Neverthe-
less, smaller vegetation changes or extreme values during a period will most likely 
be missed by single sample analyses or bias them.

At 12°S C4 vegetation decreases from the LGM to the Holocene simultaneously 
with pCO2 increase (r²= 0.90). The smaller maxima in C4 distribution during the 
Late Pleistocene occur neither during Heinrich Stadials nor during Antarctic warm-
ing events. But they are reasonably well correlated with local insolation changes 
(r²= 0.63).
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6.	 Summary and perspectives
The main aim of this thesis was to further elaborate information on continental 

vegetation and climate derived from sedimentary n‑alkanes in marine geological 
archives. The investigated region of southwest Africa was chosen because the veg-
etation zones are broadly parallel to the latitude and the plant material is zonally 
transported from the continent to the ocean.

To investigate possible trends of n‑alkane parameters for C3 and C4 plants in 
southwest Africa, 41 C3 and 11 C4 plant species from the wood- and shrubland of 
Angola were analysed. The wood- and shrubland is located between the rain forest 
and the savannah. A comparison of plant n‑alkane data from these vegetation zones 
reveals that the carbon isotopic composition of the C3 plants increase towards the 
south. This increase is probably due to changing environmental conditions like 
increasing water stress, light intensity and less incorporation of recycled CO2. The 
distribution patterns of the n‑alkanes show an increase in chain length towards the 
south for both C3 and C4 plants. Numerically, this increase is best reflected by an 
ACL parameter comprising the most abundant homologues (C29-C33). No distinct 
relations were observed between ACL and the mean annual temperature or the 
aridity indices of the respective vegetation zones. In addition, the plants are grouped 
according to the plant height in different growth forms and in different habitats. The 
plant heights are correlated with the mean chain length of each group in order to 
evaluate the influence of a vertical temperature gradient (temperature decrease with 
height above the ground) on the chain length. Thereby, it was revealed that the 
ACL27‑33 values for trees in the different vegetation zones are fairly uniform. The 
averaged ACL27‑33 value of all trees and all grasses were further used as end mem-
ber values to calculate the abundance of tree organic matter in sediments of a tran-
sect in the southeast Atlantic analysed previously. The calculated tree abundance 
reflects the tree proportion on the adjacent continent with respect to the transport 
pathways. 

An isobathic transect of surface sediment samples off southwest Africa (1°N to 
28°S) was investigated to find out how the n‑alkane parameters (chain length dis-
tribution and stable carbon isotopic composition) reflect the adjacent continental 
vegetation. To estimate the C4 contribution to the sediments, a binary mixing equa-
tion was employed using n‑alkane end member parameters (ACL, δ13C29, δ13C31 
and δ13C33) for C3 and C4 plants. Across the different parameters used for the cal-
culations, the C4 proportions roughly match each other. In southwest Africa, the 
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vegetation changes from C3 plant dominated in the equatorial rain forest to C4 plant 
dominated towards the south. The calculated C4 abundance with δ13C31 reflects the 
continental vegetation if long range transport of plant material by wind and rivers is 
taken into account. The four northern samples probably receive large amounts of 
aeolian material from distant, unknown locations via the Harmattan winds. For this 
reason, these samples were excluded from further evaluation. The C4 abundances 
of the other samples correlated significantly with the mean annual precipitation and 
the aridity indices in the catchment areas.

The hydrogen isotopic composition of the n‑alkanes was determined for the C29, 
C31 and C33 n‑alkanes. The sediment-derived signals reflect the δD composition of 
the precipitation on the adjacent continent. However, correlations of the n‑alkane 
δD values with precipitation δD values at different distances to the coast reveal that 
the area 350 km inland is a major source region of the sedimentary n‑alkanes. The 
hydrogen isotopic composition of the precipitation varies over the year, but taking 
into account the seasonality does not lead to a significant increase in correlation. 
The apparent fractionation between the n‑alkanes and the precipitation at 350 km 
distance to the coast is quite uniform in the course of the transect despite the gradi-
ent in climatic conditions and vegetation composition. This leads to the conclusion 
that the δD change due to the increasing aridity towards the south is superimposed 
by the concurrent δD variation due to the change of the plant groups. Thus, palae-
oenvironmental studies should evaluate the C3 or C4 contribution in parallel.

To study the influence of different climatic parameters on the past vegetation, two 
sediment cores from the southeast Atlantic (12°S and 20°S) covering the current 
interglacial and parts of the last glacial were analysed for their n‑alkane parame-
ters. Single samples are representative for the glacial or interglacial they derive 
from for the northern core but not significantly for the southern core. For such an 
approach, however, glacial-interglacial transitions need to be avoided, and small 
vegetation changes might be missed. The southern core is located adjacent to a 
C4 plant dominated region and reveals a fairly uniform contribution of C4 material to 
the sediments during the last 23 ka. No stringent deductions about climatic changes 
were drawn from these results. In contrast, the core at 12°S covering the last 73 ka 
indicates a C4 plant domination during the Last Pleistocene, a C3 plant domination 
during the Holocene and a gradual change of the vegetation during deglaciation. 
During deglaciation, the increasing atmospheric CO2 content correlates well with 
the %C4 values. During the Late Pleistocene, small %C4 fluctuations were detected 
which do not occur simultaneously with Heinrich Stadials or Antarctic warming peri-
ods. Instead, the local insolation from the end of the growing season shows great 
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similarities with the %C4 fluctuations. Higher insolation leads to higher temperatures 
and to higher precipitation rates at the end of the growing season which may have 
favoured the growth of C4 plants.

This thesis expands the knowledge about the n‑alkane parameters and their 
deductions on vegetation and climatic parameters. However, there are still knowledge 
gaps which should be addressed in subsequent studies. The small variation of the 
end member data when updated with new results from additional plant series indi-
cate that the general vegetation aspects are depicted by this dataset. For special 
locations like areas, where epiphytes or swamp grasses are abundant, additional 
data would be valuable or necessary. Furthermore, the hypothesis on the connec-
tion between ACL and growth height/vertical temperature gradient should be con-
firmed. Therefore, ACL values of plants with known growth height and known local 
temperature during growing season should be studied. Expanding the use of ACL 
to a tree abundance indicator may lead to a valuable proxy for life form abundance 
which in turn can be employed to interpret n‑alkane hydrogen isotopic data. In addi-
tion, a study of δD values of plant samples and precipitation δD values could further 
elaborate the fractionation mechanisms between the hydrogen isotopic composition 
of precipitation and plant waxes. n‑Alkane data from the transport pathways (dust 
or sediment traps) could furthermore reveal possible changes in the n‑alkane com-
position during aeolian transport and while sinking through the water column. This 
approach could be accompanied by modelling of more detailed wind trajectories and 
the determination of the fractionation of different material sizes during aeolian trans-
port. Regarding the sediments, a thorough transect of samples from different water 
depths may shed light on the effect of water depth on n‑alkane parameters. For 
climatic deductions, the influence of insolation on vegetation composition should be 
verified at different locations and during different time frames. Thereby, it could be 
investigated if the n‑alkane δD values reflect the insolation patterns because it was 
emphasised that higher insolation leads to wetter conditions which in turn should be 
mirrored by the δD values. With regard to the current increase in atmospheric pCO2, 
the effects on the vegetation distribution could be modelled and influences on the 
agriculture could be evaluated.

Despite these remaining knowledge gaps, this thesis contributes to the currently 
on-going research by (i) updating the literature n‑alkane plant database, (ii) confirm-
ing that the n‑alkane parameters reflect the continental vegetation and precipitation 
and (iii) detecting possible dependencies of the current and past vegetation dis-
tribution on climatic parameters like aridity, pCO2 and insolation. Even though the 
n‑alkanes are chemically quite simple molecules, they provide important information 
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whose interpretation may lead to a better understanding of the Earth´s climate.
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