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Bochica 
As humanity had reached its greatest state of disarray, 
there came forth, from the highlands of Chingaza, 
Bochica. A venerable old grey bearded man, who 
carried a magic golden staff in his hand. 

According to popular Chibcha believe, the high plain 
of Bogota was once flooded by the malicious rain 
god Chibchacun. Bochica came to Tequendama and 
with his golden staff touched the rocks, which parted 
and thus opened the floodgates of Tequendama. So it 
was that the waters found a way to flow and drain 
the high plain. This is how the Tequendama falls came 
into being. After this Bochica disappeared in the 
rainbow and diverted the rays of the sun to dry up 
the water. To this day, people claim to have seen 
Bochica in the rainbow of the Tequendama falls. 

Popular Chibcha myth. 
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CHAPTER 1 

An introduction to C3, C4 and CAM plants, with 
relevance to palaeo-ecology; a case study for the 
northern Andes. 

This is an introduction to the plant photosynthetic pathways and the relevance of 
distinguishing these different classes of plants in the context of plant ecology is 
discussed. An introduction is given to the main tool that is used to enable this: stable 
carbon isotopes. A list is provided with 813C values of selected Andean plant species. 
For most plants on this list, these are the first published 813C values for these plants. 
A list based upon literature data showing all known C4 and CAM plants in neotropical 
vegetation is presented. It is aimed that this will be of relevance to anyone interested 
in palaeo and actuo-ecology of the Colombian Andean vegetation. 
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1.0. Scope and framework 

Ice core studies have revealed that partial atmospheric partial C02 pressure (pC02) 
was reduced from 28 Pa in pre-industrial times to 20 Pa during the last glacial maximum 
(LGM) (Jouzel et al. 1996; Petit et al. 1999). LocallypC02 pressure overhigh Andean 
biomes (over 2500-4000 m altitude) is only 74%-61% of sea-level values, resulting 
in extremely low/?C02 values during the LGM. It has been suggested that in tropical 
mountain ecosystems, the replacement of forest by open alpine biomes during the 
LGM could be to a considerable part forced by lowpC02and not only by temperature 
as previously thought (Street-Perrott 1994). The majority of palaeo-vegetation studies 
are primarily focussed on reconstructions inferred from fossil pollen assemblages. 
Some aspects of vegetation may not be recorded in those records. Our main targets 
are tropical grasses (C4 grasses), they cannot be distinguished from temperate (high 
elevation) grasses (C3 grasses) by pollen, but also plants with crassulacean acid 
metabolism (CAM) are hard to study using pollen. The modern day distribution of C4 

grasses holds important ecological information. Recognising these plant groups in 
terms of palaeoenvironmental reconstruction is an important step forward for palaeo-
climate research. Their distinct metabolic pathways allow relatively simple eco-
physiological modelling of these groups, which in turn can render climatic information 
(Collatz et al. 1998). The difference also allows separation of these two classes by 
means of stable carbon isotopes, thus providing a powerful analytical tool to reconstruct 
the ecotones of C3 and C4 vegetation (Schwartz et al. 1986). Studies of stable carbon 
isotopes in palaeosols have revealed strong correlation between C4 grass expansion 
and declining pC02 during the Tertiary (Ceding et al. 1993). 
The location that has been chosen for this study is the high plain of Bogota. Situated 
at an elevation of 2550 meter, this former lake floor offers a unique possibility to 
investigate the changes of high Andean vegetation due to climate change and changes 
in pC02 in particular. The well-described Funza II sedimentary record will be used 
for this geochemical approach (Hooghiemstra and Sarmiento 1991). The first aim is 
to recognise the role of modern day C4 grasses in the northern Andes. In the past the 
altitudinal distribution of C4 plants had been explained entirely in the context of water 
availability and temperature. Now a new aspect of atmospheric pC02 will be taken 
into account. By unravelling the dynamics of these grasses in relation to past climate 
change, the modern day altitudinal distribution can be put into a new perspective. By 
using a compound specific 8I3C biomarker approach on the Funza II record, a record 
of past C4 grass cover can be reconstructed for the high plain of Bogota, independently 
from the pollen records. It is aimed that this record will provide new information that 
will be combined with the existing information from previous palynological studies. 
It is expected that this multi-disciplinary approach will lead to an improved 
reconstruction of vegetation and climate. The second aim is to assess the aquatic 
palaeo-environment itself through isotopic investigation of algal derived material. 
This will provide new insights that may help to interpret the palynological record of 
this lacustrine environment. Finally, new means to differentiate among Andean 
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vegetation components that cannot be distinguished by geochemical means yet will 
be explored. CAM plants like C4 plants have a distinct metabolic pathway, but unlike 
C4 plants cannot easily be distinguished from C3 and C4 plants by stable isotopes 
(Griffiths 1992). This may turn out to be a complication when interpreting stable 
isotopic records of terrestrial vegetation in terms of C3 or C4 abundance. Since the 
palaeoreconstruction has not been focussed on CAM plants, which can be of 
importance in high Andean biomes, it is an objective of this thesis to provide means 
to assess CAM plants within the geochemical record. 

(C02) • (C02) 

-4.4%o 

Diffusion 
into 

the leaf 

Mesophyll 

Chloroplast 
•*• C02 

RuBisCO 

Triose phosphate 

Figure 1.1: C3 metabolism. The numbers refer to stable carbon isotopic fractionation steps. 
The number in the black box refers to a typical 513C value of organic material commonly 
found for C plants growing under natural conditions. 

1.1. An introduction to C3, C4 and CAM plants 

In general plants can be divided into distinct physiological groups according to their 
photosynthetic pathways. Classification of past vegetation into these functional groups 
is a target of this study since it cannot be inferred from fossil pollen assemblages, 
which are generally used for reconstruction of past vegetation. Distinguishing these 
groups has important eco-physiological consequences that can also be useful for 
palaeo-climate reconstructions. The majority of plants use a photosynthetic pathway, 
commonly referred to as the C3 pathway. This pathway operates around to what in 
biochemical textbooks is often referred to as the Calvin-Benson cycle. Most 
photosynthetic organisms utilise this method of carbon fixation. Except for a few 
taxa all trees and shrubs and most herbs are C3 plants. These plants fix C02 using the 
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enzyme Ribulose bisphosphate carboxykinase (Rubisco) and converts it in the form 
of a 3 carbon atom molecule storage product, 3-phosphoglycerate (usually referred to 
as PGA), hence the name C3 photosynthesis (Figure 1.1). 
As mentioned above, there are exceptions on this way of photosynthesis. In the long 
course of earth's history, there have been periods when conditions for C3 plants were 
less favourable. Because it is generally assumed that C3 is the oldest photosynthetic 
pathway among higher plants, it is surprising that far back into evolutionary history 
of these plants there have been conditions that are considered unfavourable for C3 

plants. For example: at the Carboniferous, exceptionally high ratios of 02:C02 (Berner 
1993; Berner and Canfield 1989), would make life for a modern day C3 plant quite 
difficult. This is because high 0 2 concentrations cause photorespiration in green plants, 
which causes a considerable loss of energy for the plant. During geological time, 
plants have evolved that can reduce photorespiration and perform better under such 
unfavourable conditions than C3 plants. In modern day plants there are two alternatives 
for 'conventional' C3 photosynthesis, both are energetically favourable under specific 
conditions. 

1.1.2. CAM plants 

Ftom a palaeo-ecological point of view, the group of CAM plants are least understood, 
they are also are the most uncommon ones. However CAM is most widespread among 
the plant kingdom, which suggests it maybe the oldest alternative to conventional C3 

photosynthesis. CAM stands for "Crassulacean Acid Metabolism". This alternative 
way of photosynthesis is a variation on the C3 pathway, the plants that use it are often 
highly specialised plants, adapted to survive extreme conditions. It is best known 
from modem day desert plants, but also many epiphytic and even submerged aquatic 
plants have been found to use this pathway. If we exclude the aquatic plants, the 
modern day CAM plants have specialised to survive conditions of extreme water 
shortage. They can fix the C02 just like the C3 plants do by using the Rubisco enzyme 
from the Calvin cycle. However, instead of atmospheric C02 that the Rubisco fixes, 
in this case C02 comes from an internal storage pool of malic acid that has been 
accumulated during the night. In the light, decarboxylation of this malic acid pool 
releases an internal C02 source. Thus, these plants are able to fix atmospheric CO in 
complete darkness using a dark regulated posphoenolpyruvate carboxylase (PEPC) 
system and store this in the form of malate. This allows CAM plants to leave the 
stomata completely closed during the day avoiding water loss and photorespiration. 
Thus CAM plants have separated carbon fixation from carbon assimilation in time. 
Water lost due to evaporation is kept to a minimum, since the stomata's are shut 
during the warm day. Photorespiration is reduced to a minimum because at time of 
Rubisco fixation, there is no contact with the atmosfere the plant generates its own 
C02 instead of using the diffused C02 from the oxygen containing air. Thus, the 
CAM pathway is also a carbon concentrating mechanism. This strategy prevents a 
CAM desert plant from perishing in a hostile hot and dry environment. Open stomata 
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during the day would cause excessive water loss and inevitable death, there where 
water is scarce. Such CAM plants have special morphological features such as large 
vacuoles for carbon and water storage, which give these tissues a succulent appearance. 
Exceptionally thick cuticles with stomata that are deeply embedded into it allow a 
barrier that protect the plants against evaporative water loss. Obviously desert plants 
benefit from such a strategy, their morphology and biochemistry is well adapted to 
living in hot, dry conditions. However this adaptation is an expensive process compared 
to C3 plants were the plant does not need to do anything but wait until the C02 diffuses 
to the Rubisco enzyme. And thus the CAM strategy is not designed to allow to grow 
fast, but solely to survive there where other plants cannot live. Many CAM plants 
grow very slowly and can become very old. Plants like Kalanchoe, Opuntia, Aloe and 
Welwitschia are typical CAM plants and succeed to live in such a hostile environment. 
Less obvious examples are many tropical epiphytes, plants like bromeliads and orchids 
often experience periods with extreme water shortage during the day. Since they have 
virtually no root/soil system with water storing capacities at times when there is no 
rain, they can experience extreme periodical drought. Thus many epiphytes are CAM 
plants. However, plants from this category often show the ability to switch between 
CAM and C3 photosynthesis, when conditions are favourable they stick to the far 
more economical C3 photosynthesis. Plants with such flexibility in photosynthesis 
are called facultative CAM plants. An interesting example of different CAM strategies 
can be found in the genus Clusia an epiphytic tree, which can be an important 
component of Andean vegetation (Liittge 1996; Liittge 1999). 
Submerged aquatic CAM plants, such as Stratiotes and Isoëtes, clearly do not 
experience water shortage (Keeley and Busch 1984; Keeley et al. 1984). However, it 
should be kept in mind that the CAM strategy itself can also be seen as a C02 pump. 
Thus, in aquatic environments, C02 availability is low and thus a strategy to actively 
pump C02 into the plant will be profitable, since in the water C02 concentration is 
often limited. 
These completely different CAM strategies, ranging from adaptation to drought, to 
aquatic carbon concentrating mechanisms and its wide distribution through the plant 
kingdom strongly suggest evolutionary distinct origins. Most CAM plants are 
Angiosperms, and there are some from the ancient order of Magnoliophytae, but 
there are exceptions. Isoëtes is a very ancient (known since the Carboniferous) living 
relative of a plant group that was once very common and had very large treelike 
relatives, that were not aquatic. The desert CAM plant Welwitschia is also a living 
fossil from the order Gnetales, which can be considered an ancestor of modern day 
Angiosperms. As a result, CAM plants are very diverse and are not restricted to 
herbaceous or shrubby plants, and even CAM trees exist. In the neotropics trees from 
the genus Clusia show CAM capabilities and in the Southern Africa, large arborescent 
aloes are likely to have CAM (the arborescent aloes have, to the best of our knowledge, 
not been investigated for CAM photosynthesis, but the genus Aloe is a well known 
CAM genus and it would be surprising if the arborescent aloes would not be CAM). 
Typical dry-tropical vegetation consists of xeric shrubs and CAM plants. 
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1.1.3. C4 plants 

A pathway that seems exclusively restricted to flowering plants was discovered by 
Hatch and Slack (1966), and since then often is referred to as the Hatch-Slack pathway, 
but most of the time they are simply referred to as C4 plants. The C4 pathway is 
fundamentally different from the more common C3 pathway, carbon is first actively 
fixed by a light regulated phosphoenolpyruvate carboxykinase (commonly referred 
to as PEP) instead of Rubisco, similarly as in CAM plants. Unlike CAM plants, PEP 
is active in the light and C02 is fixed in the form of a C4 acid, which can be aspartate 
or malate. Thus the plant creates an internal pool of C4 acids which can be converted 
to C0 2 inside bundle sheath tissue, where the Rubisco is located. Basically the plant 
is able to control the supply of C02 to the Rubisco enzyme. The C4 strategy is different 
from the CAM. In the latter products of nocturnal carbon fixation can be stored into 
special vacuoles within the same cells as where day time photosynthesis takes place. 
The two processes are thus separated in time allowing the plant to minimise daytime 
water loss due to evaporation. The C4 pathway involves a separation in space. The 
leaf tissue is divided into two separated specialised compartments, the photosynthetic 
assimilation (PCA), and photosynthetic reduction tissue (PCR). These tissues are often 
aligned in symmetrical patterns, with no more than one single mesophyl cell between 
the intra-cellular airspace and the PCR tissue, to allow optimal transport between the 
two. This is called the Kranz anatomy and can be found in almost all C4 plants (Figure 
1.2). The bundle-sheath tissue is PCR tissue, the site where Rubisco is located. And it 
is often separated from the PCA by a suberised lamella, which prevents diffusion of 
0 2 into the PCR or leakage of C02 to the PCA. 

Figure 1.2: Kranz anatomy in a C4 grass (left) and non-Kranz anatomy in a C3 grass (right). 
PCA is photosynthetic carbon assimilation tissue and PCR is photosynthetic carbon reduction 
tissue. 

The C4 pathway has several advantages over the C3 pathway. However, it comes at an 
energy cost. The release of C02 from the internal malate pool costs energy. Most C4 

6 



-4.4%o 

-4.496c 

Mesophyll 

*co7 

K%<, I Oxalo-
§ acetate 

HCO,-> 
PEPc 
-6%o 

Phosphoenol
pyruvate* 

Chloroplast 

palate Mal 

Oxalo-
acetate 

Phosphoenol-
pyruvate 

t 
Pyruvate 

T Bund Ie sheath 

1 

Chloroplast 

Malate 

Pyruvate 

Trio se phosphate 

• • c o . 

8%0 

Mesophyll cell 

Aspartate 

Bundlesheath cell 

HCO, 

Oxaloacetate 
-6%o 
PEP 
carboxylase 

Phosphoenol-
pyruvate 

C 
Pyruvate —, 

Alanine •*• 

Chloroplast 

• Phosphoenol-
pyruvate 

t 
. Pyruvate 

Mitochondrioi 
•*• Aspartate 

Oxalo-

Chloroplast 

• C O , 
Mesophyll cell 

8%, 

( 

Aspartate 

u Oxaloacetate 

\ J 
HC03-"1 

PEP 
carboxylase 

Phosphoenolpyruvate -4-

Bundlesheath cell 
- • Aspartate 

Oxaloacetate 
ATP 
PEPc 

ADP ^ V 2 7 0 / 
Phosphoenol

pyruvate 

l-
Oxalo-

yiasek carboxylase 

ico3--< 

P.enölpyruvate 

Pyruvate—' 

Alanine-*-
c 

Chlorop last 

Malate-. Oxalo-_ 
acetate 

. Phosphoenolpyruvate 

•Pyruvate 

Chloroplast 

M o 
1 

o. 
pq 
CL 

Figure 1.3: The three C4 subtypes, from top to bottom NADP-me, NAD-me and PEP-ck (PCK), 

the numbers in the figures refer to various isotopic fractionation factors and natural 813C values 

that apply to the C4 isotopic discrimination. 

7 



plants are confined to warm tropical climates, where they are more efficient than C3 

grasses. However the strategy of C4 plants is not like the CAM plants to merely survive 
in niches where C3 plants cannot survive. Their strategy is to grow and out-compete 
C3 plants there where the climate is warm enough to give them an advantage over the 
C3 plants. Hence, among C4 plants we can count some of the world's most obnoxious 
tropical weeds (Holm et al. 1977). Using this C4 pathway a plant can significantly 
reduce photorespiration. Like in CAM plants, Rubisco uses an internal supply of C02 

avoiding getting into contact with atmospheric O r C4 photosynthesis is most likely 
an evolutionary adaptation to high atmospheric 02:C02 ratios to avoid photorespiration 
or an adaptation to low atmospheric C02 levels, which is essentially the same if we 
assume 02 concentration to be constant. As a consequence, C4 plants also have a 
higher water use efficiency (WUE) allowing them to grow in climates with low 
precipitation or slightly saline environments. However improved WUE is sometimes 
over-interpreted and leads to the erroneous conclusion that C4 plants thrive in arid 
environments. C4 plants have no morphological modifications to avoid water loss. 
Grassland in the (warm) tropics is almost always a C4 dominated biome, regardless 
whether precipitation is low or not (Figure 1.3). An illustrative example that the 
occurrence of C4 plants does not necessarily mean aridity are the tropical sedges such 
as the C4 Cyperus papyrus (papyrus), which grows in tropical Africa and is a swamp 
plant. It can dominate African swamps because the high temperatures enable C4 

Cyperaceae to perform better than their C3 relatives. Because Rubisco's affinity for O, 
gets increases with temperature, photorespiration in C3 plants is high under warm 
conditions. In C4 plants, the separation in space ensures that photorespiration does 
not increase with temperature in these plants. This gives these plants an advantage 
over C3 plants in warm climates. 
The fact that C4 is more common among monocots than it is among dicots (79% of all 
C4 plant species are monocots and 61 % of all C4 plants are grasses), suggests that it is 
a rather recent development among the angiosperms (dicots are more ancient than 
monocots). It seems that C4 photosynthesis occurs exclusively in Angiosperms. This 
is in contrast to CAM, which also occurs among Pteridophyta and Gnetophyta. A new 
hypothesis was postulated that puts the evolution of tropical C4 grassland during the 
Tertiary into a new context. During this time atmospheric C02 concentrations declined, 
which could be correlated with the appearance of grazing animals that feed on C4 grass 
and the appearance of palaeo-sols formed under these C4 grasslands (Ceding et al. 
1997). This idea found widespread acceptance. Ehleringer et al. (1997) and Collatz et al. 
(1998) developed an ecophysiological model that predicts the temperature at which C4 

grasses start to gain importance at the expense of C3 grasses. 
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Table 1.1: The occurrence of C4 and CAM metabolism in selected neotropical plant genera. The 
C4 plants have been classified according to Sage et al. (1999a). The genera have been selected 
according to Gentry (1993), Jorgensen and Ulloa (1994) and Pinto-Escobar and Mora-Osejo 
(1966). 

C4 and CAM plant genera from the northern Andes 
Dicots 
Aizoaceae 

Amaranthaceae 

Asteraceae 
Boraginaceae 
Cactaceae 
Cappararidaceae 
Chenopodiaceae 
Crassulaceae 
Euphorbiaceae 
Gutti ferae 
Nyctaginaceae 

Oxalidaceae 
Piperaceae 
Portulaceae 
Zygophyltaceae 

Monocots 
Agavaceae 
Bromeliaceae 
Cyperaceae 

Poaceae Arundinoideae 

Poaceae Chloridoideae 

Sesuvium C4 and C3 

Trianthema C4 

Althernanthera C4 NADP 
Amaranthus C4 NAD-me 
Blutaparon C4 

Gomphrena C4 NADP-me 
Guilleminea C4 

Pedis C4 

Heliotropium C4 and C, 
CAM 
Cleome C4 and C3 

AtriplexCi NADP-me 
CAM 
Chamaesyce C4 NADP-me 
Clusia CAM and C3 

Allionia C4 

Boerhavia C4 and C3 

Oxalis CAM 
Peperomia CAM 
Portuiaca C4 and CAM 
Kallstroemia C 
Tribulus C4 NADP-me 

CAM 
C3 and CAM species 
Bulbostylis C4 NADP-me 
Cyperus C4 NADP-me, C3 

Eleocharis C4NADme, C3-C4, C3 

Fymbristylis C4 NADP-me 
Kyllingia C4 NADP-me 
Rhynchospora C4 NADP-me, C3 

Aristida C4 NADP-me 

Aegopogon C4 NAD-me and PCK 
Bouteloua C, NAD-me and PCK 
Chloris C4 PCK 
Cynodon C4 NAD-me 
Dactyloctenium C PCK 
Distichlis C4 NAD-me 
Eleusine C4 NAD-me 
Eragrostis C4 NAD-me 
Leptochloa C4 NAD-me 
Microchloa C4 NAD-me 
Muhlenbergia C4 NAD-me,PCK 
Pappophorum C4 NAD-me 
Sporobolus C4 NAD-me and PCK 
Tragus C4 NAD-me 

Orchidaceae Epiphytic genera CAM 

Poaceae 
Panicoideae Andropogon C4 NADP-me 

Arundinella C4 NADP-me 
Axonopus C4 NADP-me 
Bothryochloa C4 NADP-me 
Brachiaria C4 PCK 
Cenchrus C4 NADP-me 
Coa C4 NAD-ME and PCK 
Cymbopogon C4 NADP-me 
Digitaria C4 NADP-me 
Echinochloa C4 NADP-me 
Eliomurus C4 NADP-me 
Eriochloa C4 PCK 
Hackelochloa C4 NADP-me 
Hyparrhenia C4 NADP-me 
Ischaemum C4 NADP-me 
Afc/nus C4 PCK 
Panicum C4 all types, C3 

Paspalum C4 NADP-me 
Pennisetum C4 NADP-me 
Polytrias C, NAD-me and PCK 
Rhynchelytrum PCK 
Schizachyrium C4 NADP-me 
Setami C4 NADP-ME 
Sorghastrum C4 NADP-me 
Sorghum C4 NADP-me 
Trachypogon C4 NADP-me 
Tripsacum C4 NADP-me 
Vetiveria C4 NADP-me 
Zea C4 NADP-me 

Others 

Isoëtes C3 and CAM 
Polypodium CAM 
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Tx is the so called cross over temperature, at which both C3 and C4 plants are equally 
important. P. is the internal leaf partial C02 pressure, pö2 is the partial atmospheric 0 2 

pressure and the rest are physiological parameters described; see Collatz et al. (1998). 
Collatz successfully predicted that global modern day C4 grass distribution is 
determined by temperature. In areas were growing season temperature exceeds 22°C 
C4 grasses dominate over C3 grasses. He identified several areas on earth were 
atmospheric rise of C02 since the industrial revolution, has had an impact of C4 grass 
distribution, e.g. the Great Plains of the USA. Ehleringer used this model to demonstrate 
that the evolution of C4 grasslands was coupled to a gradual decline in the tertiary 
atmospheric C02 (Ehleringer et al. 1997). The traditional interpretation of C4 grass 
occurrences in geological records always had been related to increased aridity. Debates 
have arisen in literature whether changes in C4 biomass vs. C3 biomass should be 
interpreted in terms of low atmospheric C02 pressure or aridity, are in many cases 
unjustified. Stable isotopic analysis on fossil leaf lipid biomarkers that have been 
extracted from sediments from the basin of Bogota, have shown that a combination 
of C02 and temperature drives the changes in C3/C4 vegetation. In most other cases, 
changes in C4 vegetation are inferred from (marine) sedimentary records from the 
warm tropics (e.g. Pagani et al. 1999), places where competition between C3 and C4 

grasses in terms of what has been discussed yet would never occur. Although there is 
no doubt that C4 plants occupy ecological niches, such as drier climatic conditions, 
the main factor controlling their distribution is temperature, which in turn, is a function 
of atmospheric C02. Up present day this model is the only one that is able to predict 
the distribution of C4 grasses in time and space. C4 grasses are under warm conditions 
usually always more effective over C3 grasses, but in terms of vegetation dynamics 
naturally not only grasses and herbs should be taken into account. A far more important 
issue in terms of competition is light. A forest, which is dominated by C3 trees will 
shade C4 grassland no matter how prolific and remove the advantage the C4 plant 
might have in full light. Thus, a stable isotope record of vegetation change from the 
warm tropics showing only changes in C3 and C4 abundance without further details of 
vegetation composition can therefore hardly be interpreted in terms of C02. To study 
changes in C3 vs C4 biomass that may be caused by C02 effects we need to study the 
actual natural C3-C4 (grass) ecotones that will be affected, these can be found at 
subtropical latitudes or in the tropics at high elevation. 

Tr = 
10 

In&o 
In 

a„ 
1 + 0.5 

p02 occ 

Pis 25 
Ctr 

1 
or, 
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C4 photosynthesis exists in three biochemical varieties NADP-me, NAD-me and PCK 
type. It is of interest to note that these 3 subtypes occupy different ecological niches 
and the distribution of grasses with these three types of C4 photosynthesis hold 
important climatic information. The terminology (NADP-me, NAD-me and PCK) 
refers to the enzyme responsible for decarboxylation of the internal carbon pool. This 
decarboxylation step releases C02 in the bundle sheath cells which is used by Rubisco 
as the substrate for photosynthesis. In Figure 1.3 these steps are shown and it is clear 
that the biochemistry of these 3 C4 types is quite different. The Kranz leaf morphology 
present in almost all C4 plants, is slightly different in all of the 3 types, it is thus 
possible to identify the subtypes by investigating the leaf morphology (Dengler and 
Nelson 1999). Table 1.1 shows a list of plants genera from the northern Andes that 
contain CAM, and C4 species. This list is based upon literature dealing with biochemical 
investigations towards the specific C4 enzymes, leaf anatomy and stable isotopes. 

1.2. Stable Isotopes 

Of all carbon on earth, about 1.1% is in the form of the stable isotope 13C, the rest is 
98.9% 12C and only <1010% is in the form of the radioactive isotope 14C. The ratio of 
13C over 12C in atmospheric C02 is 0.01211421. This ratio is rather constant over time 
because l3C is unlike 14C a stable isotope and cannot be formed in chemical reaction, 
it has been around since the formation of earth. This gives a power tracer for geologist, 
who can study trace geological processes using 13C as a natural label. 
Chemically l3C and 12C are indistinguishable, but 13C will behave slightly different 
than 12C. When reactions or processes are in equilibrium, such as is the case in most 
biological processes, fractionation between the heavy and lighter isotope will occur. 
The organic carbon, which is biosynthesised by plants, is always depleted in 13C. 
When C02 dissolves in water and is converted to bicarbonate, the bicarbonate will 
contain more 13C compared to the C02. For example, at 20°C C02(g) with a 13C Ratio 
of 0.01211421, is in equilibrium with bicarbonate with a 13C ratio of 0.0112372. The 
ratios are the values which are being measured with isotope ratio mass spectrometers. 
Clearly these numbers are awkward to work with. A notation has been introduced to 
express the ratios relative to a standard, in terms of delta values. 

Sl3C = 
f /13 ^ /12 /^\ \ 

sample (1 3C/1 2 C)s 

( 1 3C/ 1 2C) reference 

•1000(%>) 1.2 

J 

The standard for 13C measurements has been internationally defined and is a sample 
from the PDB carbonate formation in the USA. Its 13C:12C ratio is 0.0112372. This 
material was thought to be one of the most l3C enriched natural materials, also at the 
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time when this reference was selected, most people were studying marine carbonates 
and it was straightforward to use a marine inorganic carbonate as a reference. However, 
nowadays many other forms of carbon are being measured but the standard has been 
firmly established and proves convenient. As a consequence "all values" reported in 
8I3C vs PDB will be negative. Another more l3C enriched material has been found in 
the lacustrine sediments of Colombian Funza record from the high plain of Bogota, 
which as a consequence, has a positive 5I3C value, the only naturally occurring positive 
813C value on earth ever reported (Boom et al. 2004). 
By definition fractionation is written with the symbol of £. Another word for this is 
enrichment factor. Farquhar (1982) introduced another term called discrimination A, 
which is essentially the same as e. This was done to make a distinction when describing 
biological processes. 

1.2.1 ,3C in the atmosphere 

The ratio l3C:12C of atmospheric C02 is rather constant over time, only changing 
slightly over glacial interglacial cycles (Smith et al. 1999) and declining with about 
2%o since the industrial revolution due to fossil fuel burning (Keeling et al. 1979). The 
813C value for C02 which can be measured depends on the locality, the original global 
atmospheric 513C value for C02 has been somewhere around -6%o, today it is about -
8%o. 

1.2.2 "C in organic carbon 

Photosynthetic organisms are the focus in the reconstruction of the palaeo-environment. 
As described above, atmospheric carbon dioxide has a characteristic carbon isotopic 
signature of -8%o. Plants fix atmospheric carbon (inorganic carbon) and store this 
carbon in the form of organic carbon. The process is accompanied by a kinetic isotope 
fractionation. As explained earlier most plants use a C3 biochemical pathway. When 
we follow the route, that atmospheric C02 takes to be converted to organic carbon 
several equilibrium steps can be found. These equilibrium processes cause isotopic 
fractionation. Since they are not unidirectional processes, only a fraction of the carbon 
will enter the pathway and the other fraction will be left behind. In other words the 
relatively heavier l3C isotope will react slower than the lighter isotope 12C. This results 
in a relative enrichment of 12C and a depletion of l3C in the product at the end of the 
process and an enrichment in l3C in the remaining fraction (which is the left over C02 

in the case of plants). The first step causing isotope fractionation in higher plants is 
the diffusion of C02 through the stomata into the lumen of the leaf. The second step 
is the enzymatic fixation of C02 by Rubisco. 
The C3 photosynthetic pathway produces organic matter with characteristic 8I3C values, 
which ranges from -25 to -34%o, values around -27%o are the most common ones. The 
13C fractionation from atmospheric C02 towards organic matter in C, plants is described 
by the following simplified model (Farquhar et al. 1989; Farquhar et al. 1982). 
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SnCCiPlant=ö"CCOi-a-{b-a)^ L3 

Where 813CC02 is the isotopic composition of the ambient C02 and 513CC3plant describes 
the isotopic composition of the biosynthetic carbon of the C3 plant. Variable a is the 
discrimination caused by the diffusion of C02 into the leaf and b is the discrimination 
of Rubisco against 13C02. And c.:ca is the ratio of internal over ambient C02. 
C plants have attracted much of attention of palaeo-orientated scientist working with 
stable isotopes. Using stable carbon isotopes C4 plants are easily distinguishable from 
C ones. Although there are more reliable and easier ways to distinguish between 
them, in many palaeo-environmental studies, stable isotopes may be the only means 
to achieve this. Features such as the Kranz anatomy are seldom preserved in fossil 
material. The leaf itself is often not preserved as such and simply does not allow 
investigation at all. The only exclusive material omnipresent in geological archives is 
organic material. In general, leaf waxes are easily preserved in sediments and can 
function as molecular isotopic biomarkers for plants. 
In C4 plants, the internal carbon concentration mechanism and efficient gas tight 
bundle-sheath tissue (in which the Rubisco is located) result that isotopic fractionation 
by Rubisco cannot be fully expressed; over simplified, this would be similar to the well 
known Rayleigh distillation process. 

<W. =(! + $>) 
f N^ 

e-l 

2. leaked 

KNo; 
1.4 

8 C 0 2 leaked is the isotopic composition of that what is not being fixed by Rubisco, due to 
leakage out of the bundle-sheath tissue; 80 is that of the source, i.e. the internal C02 

pool. N/N0 is the fraction C02 remaining, that cannot be fixed due to the small leakage 
out of the bundle-sheath compartment. Rubisco removes C02 from the bundle sheath 
with a fractionation e. If the fraction of C02 remaining is 0, if there would be no 
leakage at all, the apparent fractionation between the initial source 80 and that of the 
carbon fixed is 0. 

s n , y .l-(A^/iVo)g+I 

* * - = ( ! + *„) 1_N/NQ -1 
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However, the leak-tightness of a bundle sheath from a C4 plant is not full proof and a 
certain amount of leakage occurs. The extend of leakiness of the bundle sheath is 
given by O and determines how much of Rubisco fractionation can be expressed. The 
overall fractionation has been described by the following model (Farquhar et al. 
1989). 

5^CCiPlant =SUCC02 ~ a ~ (P2 + 6,<D - a) -*- j 6 

The additional parameter <J> lies usually around 0.7. There is a small difference in 
isotope fractionation by the three C4 types, NADP-me, NAD-me and PCK. However, 
the difference is too small (about l%o) to be useful and we cannot distinguish between 
these types when using stable carbon isotopes. Although this is a limitation of the 
513C method, the isotope method produces a "hard number", a number, which can be 
used in calculations for example. While other proxies that rely on counting of phytoliths 
for example, are depending greatly on the degree of preservation and other external 
variables, which can vary within a single record. The difference between the three 
subtypes is not understood, but likely represent the biochemical differences (Hattersley 
1982). 

Figure 1.4: 813C values of grass 
species, demonstrating the distinct 
difference in isotopic composition 
between C3 and C4 grasses. It also 
shows the wider range of 8I3C 
values observed in C3 grasses as 
compared to C4 grasses (Cerling, 
1999). 

-20 -15 

613CTOC (%o) 

A distribution curve of plant organic material clearly shows the isotopic differences 
between C3 and C4 plants (Figure 1.4). Therefore, it is possible when investigating 
plant derived organic matter, to say weather it originated from C3 or a C4 source. 
CAM plants are more difficult to distinguish, since CAM plants are able to use the C 
pathway, while when the full CAM pathway is engaged, the isotopic signature is 
more like that of C4 plants. Therefore, in general, CAM plants show 813C values in-
between that of C3 and C4 plants (Figure 1.5). 

14 



Table 1.2: Selection of Andean plants with measured 513C values 

Family, species 
Asteraceae 

Achyrocline lehmannii 
Ageratina gynoxoides 
Baccharis rupicola 
Baccharis tricuneata 
Bidens cf. (riplinervia 
Cotula mexicana 
Diplostephium sp. 
Gynoxys ilicifolia 
Hypochaeris sp. 
Laestadia muscicola 
Lourteigia gracilis 
Loricaria complanata 
Oritrophium limnophilum 
Oxylobus gtanduliferus 
Pentacalia andicola 
Pentacalia colombiana 
Pentacalia guadelupe 
Pentacalia vaccinioides 
Plagiocheilus solivaeformis 
Senecio formosus 
Xenophyllum humilis 

Bromeliaceae * 
cf. Greigia 
Puya sp. 
Puya goudotiana 
Puya santosH 
Tillandsia sp. 

Caryophyllaceae 
Cerastium sp. 
Arenaria cf. musciformis 

Characeae 
Chara (Nitella) sp. 

Cunonaceae 
Weinmannia microphylla 

Cyperaceae 
Becquerelia tuberculata 
Bisboeckelera irrigua 
Bulbostylis junciformis 
Bulbostylis tropicalis 
Cyperus brevifolia 
Cyperus giganteus 
Cyperus luzalae 
cf. Cyperus rufus 
Carex pichinchensis 
Carex pygmaea 
Eleocharis interstincta 
Eleocharis macrostachya 
Oreobolus oblusangulus 
Rhynchospora macrochaeta 
Rhynchospora oreoboloidea 
Scirpus californicus 
Uncinia meridensis cf. 

Ericaceae 
Disterigma empetrifolium 

Eriocaulaceae 
Paepalanthus andicola 
Paepalanthus karstenii 

Gentianaceae 
Gentianella corymbosa 
Halenia sp. 

Gultiferaceae 
Hypericum cf. juniperinum 

Haloragaceae 
Myriophyllum quitense 

Iridaceae 
Excremis cf. 
Sisyrinchium iridifolia 

-26 
-28 
-25 
-24 
-30 
-27 
-29 
-29 
-26 
-29 
-32 
-24 
-27 
-32 
-28 
-28 
-29 
-29 
-28 
-28 
-30 

pathway 

c, 
c, 
c, 
c, 
c, 
c, 
c, 
c, 
c, 
c3 
c, 
c, 
c, 
c, 
c3 
c, 
Cj 

c, 
c, 
c, 
c. 

-25 CAM 
-24 CAM 
-22 CAM 
-23 CAM 
-27 CAM, 
but 5,3C shows C, 

-28 
-28 

-28 
-35 
-13 
-12 
-12 
-14 
-30 
-25 
-25 
-27 
-25 
-29 
-25 
-25 
-24 
-26 
-26 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c, 
c, 
c, 
c, 
c, 

26 
27 

28 
29 

25 

22 

23 
24 

c 
c 

c 
c 
c 

c 

c 
c 

Isoetaceae * 
Isoëtes andicola 
Isoëtes (Stylitis) andicola 
Isoëtes bischlerae 
Isoëtes killipii 
Isoëtes novo-granadensis 
Isoëtes triquetra (mega spore) 
Isoëtes triquetra (leaf) 

Juncaceae 
Juncus ecuadoriensis 
Luzula gigantea 
Distichia muscoides 

Lycopodaceae 
Lycopodium complanatum 

Melastomataceae 
Bucquetia glutinosa 
Brachyotum strigosum 
Miconia parvifolia 
Castratella piloselloides 

Myrsinaceae 
Myrsine (Rapanea) dependent 

Myrtaceae 
Myrteola oxycoccoides 

Oenotheraceae 
Epilobium meridense 

Orchidaceae 
Altensteinia fimbriala 
Epidendrum cf chioneum 

Poaceae 
Aciachne acicularis 
Agrostis trichodes 
Calamagrostis effusa 
Chusquea tesselata 
Cortaderia sericantha 
Danthonia secundiflora 
Festuca cf. dolichophylla 
Muhlenbergia cleefii 
Ortachne erectifolia 
Paspalum bonplandianum 

Potamogetonaceae 
Potamogeton asplundii 

Plantaginaceae 
Plantago rigida 

Ranunculaceae 
Ranunculus nubigenus 

Rosaceae 
Acaena cylindristachya 

Rubiaceae 
Arcytophyllum muticum 
Arcytophyllum caracasum 
Coprosma granadensis 

Saxifragaceae 
Escallonia myrtilloides 
Ribes sp. 

Scrophulariaceae 
Aragoa cleefii 
Bartsia sp. 
Castitleja fissifolia 

Solanaceae 
Cestrum parvifolium 

Valerianaceae 
Valeriana sp. 
Valeriana longifolia 

Xyridaceae 
Xyris subulata 

pathway 

-23 
-24 
-26 
-26 
-22 
-29 
-27 

-25 
-27 
-26 

CAM 
CAM 
Cj/CAM 
Cj/CAM 
CAM 
C,/CAM 
C/CAM 

C3 

c, 
c, 

-25 
-26 
-32 
-27 

-28 

-31 

-29 

-28 
-22 

-26 
-26 
-27 
-25 
-27 
-26 
-27 
-16 
-27 
-12 

-18 

-31 

-25 

26 

30 
26 
33 

27 
30 

27 
26 
27 

c, 
c, 
c, 
Cj 

c, 

c. 
Cj 

C, 
CAM 

Cj 
CJ 

c, 
c, 
c, 
Cj 

c, 
c4 
c, 
c4 

HCO, 

Cj 

e. 

c, 

c, 
c, 
C 3 

Cj 
CJ 

c, 
Cj 

c, 

-29 
-31 

-26 

* CAM assignment is tentative. The Isoëtes species are either CAM or 
C3, this data cannot differentiate between the two, especially considering 
the submerged/amphibic nature of these plants. Potamogeton is an aquatic 
plant that uses bicarbonate, hence the C4 like l3C signature. 
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Figure 1.5: S13C values of 55 
Bromelia species, demonstrating 
the distinct difference in isotopic 
composition between these plants. 
Specimens that showed values in 
the range from -19 to -13%o are 
thought to have used the CAM 
pathway. Plants that belong to the 
other group either did not use CAM 
or are not capable to use CAM. 
(Pierce et al. 2002a). 

S«CTOC(%„) 

1.3. Effect of altitude on/>C02 and 13C in plant produced organic carbon 

It must be stressed that in our study area, mountainous vegetation can exceed 4000 
meters. Many vegetation reconstructions come from sites at high elevation sites. The 
well studied high plain of Bogota is situated at an elevation between 2500 and 2600 
meters. This has implications on carbon isotope discrimination in plants. Atmospheric 
pressure declines with increasing altitude. Using the hydrostatic equation the pressure 
gradient can easily be calculated. 

oz 
The rate of pressure (p) change with height (z), equals gravity (g) multiplied by air 
density (p). This can be rewritten into: 

-z/H i o 

p = p0-e l« 

Where p is the pressure at a given height, p0 is the atmospheric pressure at sea level 
and H is the atmospheric scale height, a constant which is 7400 (for earth). As a 
consequence the partial C02 pressure (pC02) drops accordingly. Apparently, with 
changing elevation plants do not maintain constant p./pa ratios, and fractionation in 
C3 plants decreases with increasing altitude (Körner et al. 1988; Bird et al. 1994). 
Due to this effect, all plant material from the area high plain of Bogota or from any 
other site at high elevation, will be systematically enriched in l3C by about l-2%o 
compared to plants growing at sea level. 
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This effect should not be confused with the issue on changes in atmospheric C02 

concentration. Since concentration does not change with increasing elevation (at least 
not significantly), altitude plays no role in the issue of C3 vs C4 competition. C4 plants 
do not gain an advantage over C3 plants when pC02 pressure is lower at higher 
elevations, this is because p02 will be lower too and thus the effect in terms of the 
ratio 02:C02 will be zero and it is this ratio that plays a role in the competition between 
C4 and C3 plants. Theoretically, a function of temperature and atmospheric C02 

concentration determines that the bulk of C4 plants in the Colombia Andes can be 
expected close to 2100 meter of elevation and lower (formula 1.1). This relationship 
must be used carefully. Mora and Pratt (2002) were in error in their study to determine 
the maximum extent of C4 grass expansion during the last glacial maximum using 
palaeosols from the high plain of Bogota. While realising the pC02 at 2550 meter of 
elevation is lower than at sea level, they used a glacial pC02 of 14Pa, instead of 20Pa 
that is used for sea level studies. However, they did not correct for pOr which is 
affected by altitude too. When correcting for pö2, the effect of elevation on C4 grass 
distribution is nullified (see formula 1.1). Hence, Mora and Pratt have over-estimated 
the implications for palaeo-climatic reconstruction. 
At present it is a temperature regime that determines the distribution of C4 plants; 
plants of this category grow under warm tropical conditions. At higher elevations we 
would not expect to find many C4 plants, for example C3 grasses such as Calamagrostis, 
Cortaderia and Festuca, dominate the paramo vegetation of today, Boom et al. (2001) 
gave the distribution of C4 grasses along an elevational transect in Colombia and 
Ecuador. C4 plants at higher elevations can only exist when they can occupy ecological 
niches, such as slightly dryer conditions, where their increased WUE enables them to 
survive. With C02 concentration changing, the present distribution can change 
accordingly. C4 grasses, such as Muhlenbergia, Paspalum and Sporobolus, originating 
from lower elevation tropical conditions (Cleef et al. 1993) where able to migrate into 
paramo vegetation during glacial periods (Boom et al. 2001), when atmospheric C02 

was lower than today (Jouzel etal. 1996). 

1.4. Assessment of C3, C4 or CAM vegetation 

In addition to stable carbon isotopes, there exist other methods to study C4 plants in 
palaeo-records: i.e. on the basis of phytolith assemblages. Phytoliths are intra-cellular 
structural silica bodies produced by many plants. Phytoliths have highly characteristic 
shapes and can be found in various plant tissues, the tissues containing most phytoliths 
are roots and leaf epidermis. Especially phytoliths from the leaf epidermis of grasses 
are highly diagnostic and allow tribe level identification. Phytoliths of other plants 
are not so diagnostic. Since the C4 photosynthetic subtypes in grasses are highly 
localised in different tribes, phytolith assemblages allow classification of grass 
communities into their C4 photosynthetic subtypes. Phytoliths are usually better 
preserved in sediments and soils than pollen, and by identifying and counting typical 
grass leaf epidermis phytoliths, it is possible to get an idea of which was the dominating 
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photosynthetic subtype (e.g. C4NADP-me, C4NAD-me or C4PCK) in grass vegetation. 
Since C4NAD-me and C4-PCK grasses tend to favour more xeric and saline conditions 
while C4NADP-me grasses are more abundant under mesic and non saline conditions 
(Sage et al. 1999b), distinction is important for environmental studies. This level of 
detail is impossible to obtain by stable isotopes and yields important climatologic 
information that is not possible to obtain otherwise (Barboni et al. 1999; Fredlund 
and Tieszen 1997b). On the other hand, phytoliths are not very suitable for biomass 
estimation, since there are strong differences in phytolith production among grass 
species. The combination of carbon isotopes and phytoliths is a powerful tool in palaeo-
climatologic research (Fredlund and Tieszen 1997a). 
We do not know much yet on the palaeo-ecological aspect of CAM plants. A first 
attempt to a possible useful tool for such an approach has been developed by Boom et 
al. (2001). The resistant biopolymer cutan present in the leaf cuticles of many CAM 
plants may turn out to be a useful tool in the palaeo-ecological study of CAM plants. 
From a stable isotopic point of view, it poses a high risk that in an isotopic record C4 

plants may be confused for one from a CAM plant origin, if there is no alternative way 
to distinguish between CAM and regular plant organic matter. Therefore, this new 
method may provide an easily recognisable macro-molecular structure attributable to 
CAM plants, which can be investigated for isotopic ratios using geochemical methods. 
Looking at the present day CAM plants, it seems unlikely that CAM plants would up 
a large portion of plant biomass, since they usually occupy small ecological niches. 
But when the Andes are concerned, we know that certain CAM plants do play an 
important role in the vegetation. Typical Andean CAM plants such as Clusia and 
Puya are present and common in the modern day Andean vegetation. The vegetation 
history of these particular plants is not well known. Therefore more info is needed in 
order to improve our knowledge in order to improve our palaeo climate and vegetation 
reconstructions. Records of these plants may hold important climatic information. 
Table 1.2 shows the 813C values of organic matter of plant specimens collected in our 
study area in the Colombian Eastern Cordillera between 2000 and 3800 meters of 
elevation. This list offers a good overview of what range of 813C values can be expected 
from an Andean setting. Due to the sampling at high elevations the 513C values are on 
average higher than those normally reported from sea level plants. The C4 plants are 
easily identified because of their higher 813C values (lower fractionation). The plants 
were partly, personally collected, or sampled from herbarium specimens deposited at 
the Utrecht University and from the personal herbarium of A.M. Cleef. The table 
confirms the C4 metabolism that we might expect in the grass family (Poaceae) as 
shown in Table 1.1. However, such analyses are still necessary, because for 
determination of metabolic pathways, we cannot simply rely on botanical 
classifications, as it is well known exceptions occur. Hence, C4 photosynthesis was 
beyond question shown in Muhlenbergia cleefii, but was absent in Ortachne erectifolia 
fsyn. Muhlenbergia erectifolia, Lorenzochloa erectifolia). Paspalum bonplandianum 
is a high elevation C4 grass. Likewise Cyperus luzulae and C. rufus were found to be C3 

species, while other investigated Cyperus species were C4. Bulbostylis was also 
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confirmed to be C4 and this genus is of importance in the dry lower elevations of the 
Colombian paramos. The CAM plants pose more of a problem. CAM plants are also 
distinguished based upon higher 813C values. In practice these are usually slightly 
lower than those of C4 plants. Pierce et al (2002b) used a value of -19%o and higher to 
distinguish plants that have utilised the CAM pathway. In our study none of the genera 
that are known to have CAM species, showed 8'3C values higher than -19%o. But 
many of the suspected CAM plants in table 1.2 are clearly different in 8I3C from most 
of the C3 plants and thus have been marked as CAM plants. Therefore this interpretation 
is more based upon facts from literature than on the presented 813C data, therefore 
these interpretations should be used with care. If we use other criteria we would also 
select certain C3 plants that beyond any doubt have no CAM capabilities. For example: 
Rhynchospora oreoboloidea (syn. R. paramorum) has a 813C of -24%o and would be 
close to be erroneously classified as a CAM plant. This demonstrates the difficulty in 
the interpretation of stable carbon isotopes of organic material. The reason for this 
may be that the CAM plants are not operating in full CAM mode and hence, show 
intermediate values. In addition many plants in this list have been sampled from 
extremely high elevation, causing enrichment in 13C due to the altitude effect. It is not 
known if this effect is also present in CAM plants, this might have brought the C3 and 
CAM plants closer together in terms of 8I3C. The aquatic plant Potamogeton has 
been submerged and has clearly assimilated bicarbonate (Raven et al. 2002), although 
it is not a C4 plant. 
At this point we can reasonably well assess the palaeo significance of C4 and C3 

vegetation by means of stable isotopes. A combination of stable isotopes, pollen and 
phytoliths will provide a wealth of ecological information that will be a powerful tool 
to eco-physiologists and to the palaeo orientated scientist. 
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CHAPTER 2 

High altitude C4 grasslands in the northern Andes: 
relicts from glacial conditions? 

This chapter was published in: Boom A, Mora G, Cleef AM, 
Hooghiemstra H (2001) Review of Palaeobotany and Palynology 
115:147-160 

The altitudinal vegetation distribution in the northern Andes during glacial time differed 
from the present-day conditions as a result of temperature and precipitation change. 
New evidence indicates that as a response to a reduced atmospheric partial C02 pressure 
(pC02), the competitive balance between C3 and C4 plants have changed. Effects may 
have remained virtually undetected in pollen records, but can be observed using a 
stable carbon isotope analysis. Vegetation dominated by C4 taxa, belonging to the 
families Cyperaceae (e.g. Bulbostylis and Cyperus) and Poaceae (e.g. Muhlenbergia, 
Paspalum and Sporobolus), may have been able to replace for a significant part the 
modern type C3 taxa (e.g. species belonging to Carex, Rhynchospora, Aciachne, 
Agrostis, Calamagrostis, and Chusquea). Impact of reduced glacial atmospheric pC02 

levels and lower glacial temperatures on the composition and the elevational 
distribution of the vegetation types is discussed. The present high Andean vegetation 
communities may differ from the glacial equivalents (non-modern analogue situation). 
We identified dry Sporobolus lasiophyllus tussock grassland and Arcytophyllum 
nitidum dwarfshrub paramo as the possible relict communities from glacial time. The 
effect on previous estimates of palaeo-temperatures is estimated to be small. 
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2.1. Introduction 

Reconstructions of climate change during the Quaternary of tropical South 
America are mainly based on vegetation change documented in pollen records. Records 
from tropical mountains are of particular interest for palaeo-climate reconstructions 
as vegetation belts migrate along altitudinal gradients during glacial, interglacial cycles. 
Stable carbon isotopic analyses of sedimentary organic matter have been applied to 
cores from tropical mountain ecosystems. These studies have provided a new proxy 
of environmental change, which gives a special role to C4 plants and partial atmospheric 
C0 2 pressure (pC02) (Street-Perrort 1994; Street-Perrott et al. 1997; Ficken et al. 
1998; Boom et al. 2002). Earlier papers dealing with 813C of tropical records use 
aridity to explain expansion of C4 grasslands (Quade et al. 1989; Talbot and 
Johannessen 1992; Sukumar et al. 1993; Aucour et al. 1994; Giresse et al. 1994). 

Among vascular plants, three different major photosynthetic routes can be 
distinguished: C3, C4 and CAM photosynthesis. The most common among present-
day plants is the C3 pathway. The C4 pathway enables plants a higher water use 
efficiency (WUE) and a more effective CO, uptake, because they use a C02 

concentrating mechanism (Leegood 1999). At present, many C4 plants can be found 
among the monocot families Cyperaceae (sedges) and Poaceae (grasses). According 
to Watson and Dallwitz (1994), 407 out of 799 Poaceae genera contain C4 species, 
most of them are characteristic elements of tropical to temperate areas with abundant 
warm-season precipitation. WUE of CAM plants is even better than that of C4 plants, 
and thus many of them can be found in hot and arid environments, where other plants 
cannot grow. Some CAM plants are important components of the high Andean 
vegetation, such as Bromeliaceae (e.g. Puya sp.). However, CAM photosynthesis can 
also be found in aquatic plants and epiphytes. The occurrence of CAM in Isoëtes , an 
important plant from Andean lakes, may even point to a very remote origin in the 
evolution of CAM (Keeley 1998), while the C4 pathway is believed to have evolved 
during the mid-Cretaceous (Grasses in specific: Brown and Smith 1992; Bocherens 
et al. 1993). However, little is known about their behaviour in response to Quaternary 
climate change, neither do they make a significant contribution to the pollen based 
vegetation reconstructions for tropical South America. 

Most of the modern C4 Poaceae are found at places where, during the growing 
season, average monthly temperature exceed 22°C and rainfall is more than 25 mm/ 
month (Ehleringer et al. 1997; Collatz et al. 1998). By using established models for 
C3 and C4 photosynthesis, a relationship that describes the competitive balance between 
the two was proposed (Ehleringer et al. 1997; Collatz et al. 1998). The authors defined 
the point where both types of photosynthesis are equally effective in assimilating 
carbon, in terms of a crossover point (or crossover temperature), which is a function 
of pCOr Whenever one type is more effective than the other, that type wins the 
competition (Figure 2.1). Thus under low/?CO,, C4 grasses will be able to dominate 
over the C3 species; even in colder areas where, under current /?CO, conditions, C4 

grasses are only of minor importance compared to C species. Lowered atmospheric 
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pCÖ2 levels in the Miocene are believed to have resulted in the appearance of C4 

dominated grasslands (Quade et al. 1989; Cerling et al. 1993; Quade et al. 1995; 
Cerling et al. 1997; Latorre et al. 1997; Ehleringer et al. 1997). 
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Figure 2.1 Model 
showing that the 
glacial turnover point 
of grasses lies at 
significantly lower 
temperatures than at 
present. After Collatz 
(1998) and Ehleringer 
(1997). 

Independent from the previous model, the C4 plants will also have an advantage 
over the C3 plants under low atmospheric C02 concentrations. To maintain a constant 
influx of C02, plants will produce more stomata per surface unit (Beerling and Chaloner 
1992; Beerling and Chaloner 1994; Beerling et al. 1995; Wagner 1998; Wagner et al. 
1999). This will cause increased water loss through evaporation and resulting in water 
stress. Altered atmospheric pC02 even influences pure C3 plant communities. Jolly 
and Haxeltine (1997) used a BIOME-3 modelling experiment (Haxeltine and Prentice 
1996) at the site of Kashiru bog in tropical East Africa to show that the montane 
forest at 2240 m elevation can be completely replaced by ericaceous scrub vegetation 
by lowering only the/>C02 to last glacial maximum (LGM) values while maintaining 
a constant temperature. Gas analysis of air bubbles from the Vostok ice core, covering 
the last 420,000 years, shows that C02 levels have varied significantly during the late 
Quaternary (Barnola et al. 1987; Petit et al. 1999b), showing a significant drop of 
atmospheric C02 concentrations from 280 ppmV during interglacial time (modern 
pre-industrial value) to 180 ppmV during the LGM. This pattern is consistent with at 
least three older glaciations recorded in the Vostok ice core. 

Until recently, lower temperatures during the glaciations have been taken as the 
main cause for the lower altitudinal position of the upper forest line in the northern 
Andes (van der Hammen and Gonzalez 1960; e.g. Hooghiemstra 1984; van der 
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Hammen and Cleef 1986). The objective of this paper is to identify the impact of a 
significant drop in the concentration of atmospheric carbon dioxide on the altitudinal 
vegetation distribution in the Colombian Andes, the C4-C3 grass crossover in particular. 
With stable carbon isotopic analysis, a Colombian high-altitude record is investigated 
on the presence of C4 plants in the past. We aim to provide a sketch of potential plant 
communities that could have occurred under glacial low atmospheric pC02 and which 
do not occur under Holocene conditions and finally we suggest the presence of a 
possible relict of these vegetation types. 

2.2. Study area 

2.2.1. Location and current altitudinal vegetation zonation 

Figure 2.2 Altitudinal distribution of vegetation belts in the Eastern Cordillera of Colombia at 
present. Vertical shifts of the vegetation belts, including the upper forest line, are traditionally 
related to temperature and precipitation change. The impact of low atmospheric pC02 on the 
altitudinal distribution of C3 and C4 plants during glacial conditions is assessed in this study. 
The map shows the location of the high plain of Bogota in north-western South America, 
(after: van der Hammen and Gonzalez 1960). 

We focus on the northern Andes, more specifically the area around the high plain 
of Bogota, which is situated at 2550 m elevation in the Eastern Cordillera, Colombia. 
The basin, which represents the bottom of a dry palaeo-lake, accumulated an 
extraordinary sequence of lake sediments during the Quaternary. Core Funza-II was 
drilled at the site where the basin was expected to have maximum depth. From the 
tropical lowlands to the temperate high altitudes, six distinct modern vegetation belts 
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are recognized (Figure 2.2). Vegetation characteristics of these belts can be recognized 
in the fossil pollen assemblages by indicative taxa (van der Hammen 1974; Hooghiemstra 
1984; Van't Veer and Hooghiemstra 2000). The position of the high plain of Bogota, 
halfway the maximum (3400 m) and minimum (1800 m) elevation reached by the upper 
forest line during interglacial and glacial periods, respectively, renders the high plain 
sediments a sensitive recorder of climatic change. At present, the average monthly 
temperature varies a little among different localities but at the centre of the high plain 
it is 12.4°C with small seasonal changes and a rainfall average of 786 mm/yr (Kuhry 
1988). 

The following vegetation belts can be recognized (Figure 2.2): tropical lowland 
vegetation (0-1000 m), lower montane forest (=subandean forest; 1000-2300 m), upper 
montane forest (=Andean forest; 2300-3200 m), subparamo (3200-3500 m), 
grassparamo (3500-4200 m), and superparamo (4200-4700 m). Modern paramo 
ecosystems can consist of a large part of Calamagrostis effusa bunch grasses, a 
substantial amount of the bamboo Chusquea tesselata, and to some extent also 
Cortaderia and Festuca species (Cleef 1978; Cleef 1981), all C3 grasses. On estimation, 
these grasses can make up to 95% of the total vegetation cover and thus must be 
considered as important elements of biomass production. A synthesis of the 
composition of the present-day forest and paramo communities in the study area was 
published by (Hooghiemstra 1984). The paramo communities for almost the entire 
Eastern Cordillera of Colombia were treated in more detail by (Cleef 1981). 

2.3. Methods 

Aliquots of about 0.5 g of sediment from Funza-II were decalcified for isotopic 
determinations of organic matter by overnight reaction with 5N HC1 at room 
temperature. The acidic solution was removed by centrifugation and aspiration. The 
insoluble residue was neutralized using repeated suspension in distilled/de-ionized 
water followed by centrifugation and vacuum aspiration. Neutralized residues were 
dried overnight at 60°C, mixed with about 1.5 g of CuO, and put into 9 mm quartz 
tubes. The tubes were sealed under vacuum and combusted overnight at 850 C. Evolved 
C02 was trapped in 6 mm Pyrex tubes using a cryogenic vacuum-distillation line and 
the isotopic composition of the trapped C02 was determined using a Finnigan Mat-
252 mass spectrometer. Isotopic compositions are reported in per mil units (%o) relative 
to the Peedee belemnite (PDB) standard. 

513C(%o)=1000[(/?sample/«pDB)-l], where R="OlïC. 
Duplicate analyses of selected samples were performed and yielded a 

reproducibility ranging from ±0.05 to ±0.4 l%o. Triphenylamide (TPA) standards were 
repeatedly analyzed and indicted an instrumental precision of 0.012%o. Several dried 
grass and sedge samples collected in the field were analyzed for 813C using the same 
equipment. 

To assess the contribution of C3 and C4 grasses to the present-day vegetation 
cover in Andes of Ecuador and the Eastern Cordillera of Colombia, 220 grass species 
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published by (Jergensen and Ulloa 1994), and 187 grass species published by Pinto-
Escobar and Mora-Osejo (1966), were categorized into a C3 or a C4 component, using 
data from (Watson and Dallwitz 1994) in conjunction with our own data. The published 
data on Ecuador give a much larger data set covering a wider area; since this vegetation 
has many features in common with that of the Colombian Eastern Cordillera, it is 
valuable. At intervals of 100 m of altitude, the percentage C3 species on the total 
number of grass species was calculated. Vegetation relevées were sampled by A.M. 
Cleef using methods described by (Cleef 1981). 

2.4. Results and discussion 

2.4.1. Stable carbon isotopic record of Funza-II 

The stable isotopic record of the total organic matter (TOC) is given in Figure 
2.3. Since the Funza-II sediments are lacustrine, TOC include both terrestrial and 
lacustrine components. A detailed analysis of the Funza-II 813CTOC (Mora et al., in 
press) demonstrates that the 813CTOC shows mainly changes in terrestrial C and C4 

dominated ecosystems (Figure 2.3). Many of the glacial periods show enrichments in 
813CTOC. C4 plants have characteristic average 8l3CTOC values of-12%o (Bender 1971) 
as opposed to -27%o of C3 plants (O'Leary 1981). Thus, it can be explained that 
increased input of C4 plant material caused the enrichment in 8l3CTOC during the glacial 
periods. Moreover, all glacial periods are characterized by an increase of grass pollen 
(Hooghiemstra and Ran 1994), so it is most likely the C4 grasses that contribute to the 
TOC at times of glacial S13C enrichment. This agrees with the results of the Mt. Kenya 
records, which only show the period of the Holocene until the LGM; while our Funza-
II interval shows the last 10 glacial, interglacial cycles, excluding the transition from 
the LGM and the Holocene. In this part of the Funza-II record, every glacial is 
characterized by an enrichment in the 5l3CTOC indicative of C4 plant biomass. 

2.4.2. Prediction of C4 grasslands in the Andes at low/;C02 

At sea level, pC02 today is around 36 Pa while at the elevation of the high plain of 
Bogota pC02 is around 26 Pa as a result of the altitudinal decline of atmospheric 
pressure, while the C02 concentration ([CO2]atm)=360 ppmV. During the LGM, global 
[C02]atm was as low as 180 ppmV (Petit et al. 1999a). At sea level this would be 
equivalent to/?C02=18 Pa, but at 2550 m elevation, the pC02 will then have been 
further reduced to 13 Pa. However, the altitudinal decline ofpC02 coincides with a 
decline 'mp02, and since the equilibrium between C4 and C is a function involving 
the ratio ofp02 and/?C02, the altitudinal decline of pressure therefore has no impact 
upon the competition between the C3 and C4 plants (Ehleringer et al. 1997). However, 
the extremely low/?C02 of 13 Pa may in itself have an effect upon plant growth at a high 
elevation. 
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Thus, since the cross-over temperature is not affected by altitude, we use 18 Pa 
for the LGM and a drop of around 10°C of the cross-over temperature can be inferred 
from the model, compared with the present (Figure 2.1 after: Ehleringer (1997) and 
Collatz (1998)). This potentially allows the presence of C4 dominated grasslands around 
the high plain at the present-day high plain temperature. Since pC02 also influences 
pure C3 plant communities, the upper forest line is potentially able to descend 
independently from temperature (Jolly and Haxeltine 1997). Thus, a fixed relationship 
between the position of the upper forest line and the 9.5°C isotherm, commonly used 
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Figure 2.3 Down core changes of 813CTOC of the first 156m of the Funza II record. The numbers 
refer to the marine isotope stages. 
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in previous studies (e.g. Hooghiemstra 1984), may need revision. Based on our previous 
considerations, the glacial upper forest limit may relate to a slightly higher average 
annual isotherm, reducing the glacial, interglacial amplitude of the estimated temperature 
change. 

Under present conditions (high pC02), the palaeo-lake would not receive a 
substantial amount of C4 detritus from the Andean forest and paramo (Boom, 
unpublished data), but mainly C3 detritus. A changing competitive balance between 
C3 and C4 genera, however, as described by Ehleringer and Collatz, should easily 
move the 'crossover point' to higher elevations. This shift would influence the character 
of the plant detritus received by the palaeo-lake of Bogota. To which altitude the 
'crossover point' will rise is unclear, but at LGM jcC02 of 18 Pa, it might occur at an 
average annual isotherm of around 10°C (Figure 2.1). Even when the shift of the 
'crossover point' to higher elevations is minimal, the paramo should have still 
descended during cold and dry climatic conditions as far down as approximately 
1900 m and, as a consequence, shall be influenced by any upslope migration of the 
'crossover point'. 

2.4.3. Present-day C4 grasslands in the Northern Andes 

Several grass and sedge species have been analysed for 813CTOC, to find potential 
C4 sources. Species from the following important Andean Poaceae genera contained 
only C3 specimens; Aciachne, Agrostis, Calamagrostis, Chusquea, Cortaderia, 
Denthonia, Festuca and Ortachne (Lorenzochloa). This result was as expected from 
the literature (Watson and Dallwitz 1994). However, three C4 specimens were found: 
Muhlenbergia cleefii (-16.0%o), Paspalum bonplandianum (-12.2%o) and Sporobolus 
lasiophyllus (-12.6%o). From the Cyperaceae, two genera contained C4 specimens: 
Bulbostylis junciformis (-12.8%o) and B. tropicalis (-11.7%o), Cyperus brevifolia (-
11.9%o) and C giganteus (-13.5%o). Several other Andean plant genera have been 
investigated (table 1.1) and no other C4 plants have been found. The number of plant 
taxa that can account for 13C enrichment are thus restricted mainly to a few genera 
belonging to the Cyperaceae and Poaceae. As expected, the modern Andean ecosystem 
is C3 dominated. 

Other C4 grass taxa occurring in the Andes belong to the genera Aegopogon, 
Andropogon, Axonopus, Bothriochloa and Bouteloua. In terms of species numbers, 
as well as percentage of vegetation cover, the C4 grasses and the C4 sedge species 
belonging to terrestric Bulbostylis and aquatic Cyperus represent only a minor fraction 
of the modern vegetation communities in the paramo. However, with regard to Cyperus, 
which can contain both C3 or C4 species, it is not clear yet, whether or not high altitude 
species can be ranked as C3 or C4 plants. The Cyperus dominated swamp communities 
have not been documented yet from the high plain of Bogota, nor from the nearby 
Füquene and Tota lakes. A Cyperus rivularis association (correct name probably C. 
aggregatus) has been reported from wet valley floors between 3300 and 3500 m 
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north of the high plain of Bogota (Cleef 1981). However, it is likely that they are all C3 

species. 
A tiny still, unidentified Cyperus species is also very common in open degraded 

vegetation on dry semi-arid hills near the La Herrera lake bordering the western edge 
of the high plain of Bogota (Vink and Wijninga 1988). In this vegetation, a number of 
C4 grass species were reported, e.g. Andropogon barbinoides, A. hirtiflora, A. 
saccaroides, Bouteloua simplex, Chloris submitica, Eragrostispalula, Eragrostis sp., 
Microchloa kunthi, Muhlenbergia sp. and Setaria geniculata. In this area also, the 
proportion of CAM species, both in number and cover, is elevated as compared to the 
natural paramo and Andean forest. This is to be expected since the CAM species are 
extremely well adapted to aridity. Representatives are Agavaceae: 2 spp.; Aizoaceae: 
1 sp.; Bromeliaceae: 4 spp.; Cactaceae: 4 spp.; Crassulaceae: 1 sp. and Orchidaceae: 
4 spp. 
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Arcylophyltum niliilimi dwarfshrub paramo with Sparobolus lasinphyllus. 

Figure 2.4A Schematic diagram of Arcytophyllum nitidum with Sporobolus lasiophyllus and 
Achyrocline lehmanii vegetation. Dry, stony, subparamo with Espeletiopsis corymbosa and 
Gaultheria rigida at 3610 m elevation, near Bogota, (after: Cleef 1981: fig. 15). 

The savanna (C4) grasslands are common at sea level (e.g. savannas of the 
Colombian Llanos Orientales). Patches of mountain savannas also locally thrive at 
various altitudes, for example, in sub arid Colombian inter-Andean valleys from 1500 
to 2500 m, where they occur up to the supposed upper forest line, and even may grade 
into lowered subparamo (e.g. in the Chicamocha Valley, some 200 km north of Bogota). 
These C4 grass-dominated communities thrive well under low/?C02 conditions and 
must have been able to colonize significant parts of the mountains, including the more 
temperate areas at higher altitude. In addition, the dry climatic conditions during the 
LGM must have favoured the expansion of C4 dominated ecosystems. At some places, 
the montane forest belt may have been reduced to a narrow zone, or virtually 
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Figure 2.4B Photograph of 
Sporobolus lasiophyllus dominated C4 

vegetation in the subparamo zone of 
the paramo de Giiina, province of 
Boyaca, Colombian Eastern 
Cordillera (Photo: A. M. Cleef). 

disappeared. Such a disappearance is 
documented in the late glacial part of the pollen 
record of Laguna Pedro Palo, located at 2000 m 
on the outer slope of the high plain of Bogota, 
facing the Magdalena Valley. There, subandean 
semi-open dry vegetation was locally in contact 
with dry paramo vegetation because a sensu-
stricto Andean forest belt was apparently absent 
during the early late glacial stage (Hooghiemstra 
and van der Hammen 1993). While the paramo 
was forced to lower elevations in order to survive 
the combination of low temperatures and low 
/?C02 conditions, C4 dominated grasslands 
extended upslope and may have reached and 
merged with the paramo belt. Thus grassland 
communities, significantly different from today, 
could have occurred. They would perhaps 
resemble modern most dry grass paramos. Some 
characteristic paramo species may not have 
suffered from C4 competition. Consequently this 
hypothesised C4 dominated vegetation does not 
necessarily need to have a full modern analogue. 
However, remnants of such vegetation 
communities can still be found in the paramos of 
today (Figure 2.4A and B). 

Species richness of C3 and C4 grasses is 
shown in Figure 2.5 along the altitudinal gradient 

of the northern Andes. The emergent pattern is in full agreement with similar studies of 
grass biomass along the slopes of Mt. Kenya (Tieszen et al. 1979; Young and Young 
1983), the Argentinean Andes (Cavargano 1988; Cabido et al. 1997), and on Hawaii 
(Rundel 1980). The trend in C3 grass species richness is apparently equal to a trend in 
C grass biomass. From Figure 2.5, it follows that the present-day 'cross-over point' 
(at 50% C3 species) lies at 1950 m for the data set from the province of Cundinamarca, 
that includes the high plain of Bogota. This altitude roughly corresponds to an annual 
isotherm of 18°C. Applying this to the area of Bogota, located at 2550 m, this means 
that the C4 dominated grass ecosystems reach altitudes up to only 600 m below the 
high plain. 

The distribution of C3 and C4 grasses from Ecuador follow a clearer pattern of 
increasing C3 species richness with higher elevations. Because the data used here 
cover the whole of Ecuador, distribution is smoothed out. This is in contrast to the 
Colombian data set, which covers a relative small area resulting in anomalies caused 
by geographical features. However, the crossover point for the Ecuadorian data set is 
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easily determined and lies at 2400 m. Due to the scatter in data points of the Colombian 
dataset, exact determination of the cross-over point is difficult. The Ecuadorian data 
set is probably also valid for the Eastern Cordillera, because of similarities in vegetation 
and local climate. 

Grass species distribution 
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Figure 2.5 C3 versus C4 grass species diversity along an altitudinal gradient, based on (a: open 
circles) analysis of 180 grass species and their altitudinal distribution in the Colombian province 
of Cundinamarca, and (b: solid circles) analysis of 220 grass species from Ecuador. The 'crossover 
point' of C4 to C3 dominance lies at present at 1950 m in Cundinamarca, and at 2400 m in 
Ecuador. (Data for Colombia after Pinto-Escobar and Mora-Osejo, 1966. For Ecuador after 
Jorgensen and Ulloa-UUoa, 1994). 

The C4 grass Sporobolus lasiophyllus, occurring between about 2000 and 3700 m 
in the northern Andes, forms true open bunch grassland in the lowermost open paramos 
of the Colombian Eastern Cordillera (Table 1); occasionally almost pure stands occur. 
Paspalum bonplandianum (2600-4000 m) does not form true communities, but is usually 
found associated with Calamagrostis effusa bunch grassland, where it covers up to 
20%. Apparently, this C4 species is favoured by open habitats created by burning and 
grazing of dense natural bunch grassparamo vegetation. Muhlenbergia cleefii is a 
recently described species (Laegaard 1995) that grows in low dense cushions along 
sloping lake shores and humid to wet valley floor meadows in the paramos of the 
Eastern Cordillera of Colombia between 3500 and 4200 m. This species is sub-dominant 
in the azonal'Muhlenbergia fastagiatd" association described by Cleef (1981). This 
C4 grass of azonal humid habitat is not supposed to be favoured for expansion during 
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Pleniglacial conditions. On the high Mexican volcanoes tussock vegetation of 
Muhlenbergia species is mainly present below the upper forest line (Almeida-Lenero 
1997). Under Pleniglacial conditions, these Muhlenbergia species could have replaced 
the modern local tussocks of Calamagrostis and Festuca. 

2.4.4. Andean C4 grassland evolution 

C4 genera, which are elements within the paramo today, with Sporobolus as most 
characteristic example, originated in open savanna and savanna-like lowland habitats 
(Cleef et al. 1993). These taxa migrated to the level of the modern lower paramo 
during Neogene-Quaternary times by migrating upslope via open habitats and/or via 
upslope extensions of this vegetation type during glacials with low/?C02, and possibly 
in combination with dry conditions (Hooghiemstra and Cleef 1995). During the 
Holocene, under increasing atmospheric pCC>2 conditions, most of the C4 grasses 
were no longer able to compete with the C3 grasses, and almost disappeared, but were 
able to survive in the lower reaches of the driest paramos due to their higher WUE. 
The C4 species, that are still present there today, occupy small niches in the high 
Andean ecosystems that can be considered as relict areas. They are able to survive 
because of local more arid conditions, and in case of Muhlenbergia species, possibly 
even slightly saline environments (Ruhtsatz 1977). Under increasing arid and saline 
conditions, C4 plants are able to out-compete the C3 elements because of their higher 
WUE. 

As shown above, presently C4 grasslands exist in the drier hills of the high plain 
of Bogota, but significant parts of these modern grasslands are believed to be the 
result of large-scale deforestation and soil erosion, leading to sub arid conditions. In 
early Holocene, palaeosols from the Guasca valley, which makes contact with the 
high plain of Bogota, stable carbon isotope evidence points to past presence of C 
grasslands (Guillet et al. 1988). This was not attributed to climate change but to 
anthropogenic impact on the valley floor. 

The previously discussed pollen record of Laguna Pedro Palo (Hooghiemstra 
and van der Hammen 1993) indeed represents a mid-altitude location on the west 
slope of the high plain of Bogota, where the Andean forest belt had virtually 
disappeared and was largely replaced by grassland during the Pleniglacial to late 
glacial transition. This grassland was characterised as tropical (sub) Andean semi-
open dry vegetation that came in contact with dry paramo during cold and dry climatic 
conditions. This is an indication that it was physically possible for plant taxa derived 
from intermontane and other lowland savannas to migrate upslope into the paramo 
during glacial conditions. The example of Laguna Pedro Palo is the only physical 
evidence in a pollen record so far of a site where expansion of the Andean C4 grasslands 
actually merged with the paramo grassland. Today, this is most visible in the area of 
Villa de Leiva, some 100 km north of the high plain of Bogota. At about 2200 m 
within the arid open vegetation, the C4 grasses Andropogon hirtiflorum, Andropogon 
lehmannii, Andropogon leucostachia, Andropogon tener, Digitaria sp., Melinis 
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Table 2.1 Selected vascular plant species displaying C3 and C4 characteristics of the paramos 
of the Colombian Eastern Cordillera. Vegetation relevées were sampled by A.M. Cleef. 
Localities abbreviations: CH=Chia (Cundinamarca); SO=Socha (Boyaca); TO=Torca 
(Cundinamarca); GU=Guina (Boyaca); RU=Rusia (Boyaca); SA=Sarna-Tota (Boyaca); 
CI=Chisaca (Cundinamarca). 

Relevée nr Cleef 
Locality 
Alt. (m) 
Cover (%) 

dwarfshrub layer 
Herb layer 

Inclination in ° 
Soil depth (cm) 
Selected vascular species % cover 
C4 Sporobolus lasiophyllus 
Calamagrostis effusa 
Arcytophyllum nitidum 
Hypericum strictum 
Espeletiinae 
Verbesina baccharoides 
Castratella piloselloides 
Achyrocline tehmannii 
C4 Bulbostylis tropicalis 
C4 Paspalum bonplandianum 

674 
CH 

2950 

75 
85 
6 
10 

10 
25 
60 
2 
15 

414 
SO 

2970 

15 
25 
25 
20 

25 
<1 

1 
10 

1 
1 

89 
TO 

3160 

45 
30 
5 

20 

10 
3 

35 
5 

1 

1 

408 
GU 

3300 

20 
30 
35 
30 

4 
15 
25 

10 

1 

246 
RU 

3485 

40 
75 
25 
20 

5 
65 
35 
1 

40 
1 
1 
1 
3 

364 
SA 

3510 

1 
85 
10 
30 

2 
70 
1 
1 
10 

3 

1 

133 
CI 

3630 

30 
75 
20 
20 

35 
40 
30 
1 
2 
2 
3 
2 

minutiflora, Paspalum sp., and Sporobolus sp. (Cleef, unpublished data) have been 
collected which extend locally up to 2500-3000 m. 

CAM plants are another group that may have become more important during 
glacial times. Although CAM plants are more adapted to survive periods with poor 
water supply, than to deal with low C02 availability, we cannot rule out that they may 
thrive well under glacial conditions that may also be dry. Among the characteristic 
genera of the paramos are Greigia and Puya (both Bromeliaceae), Echeveria and 
Crassula (both Crassulaceae). Many Clusia species are able to use the CAM 
photosynthetic pathway too (Tinoco Ojanguren and Vazquez Yanez 1983; 
Hooghiemstra and van der Hammen 1993; Lüttge 1996; Herzog et al. 1999). Cover 
of these taxa may have increased significantly under glacial conditions. It should be 
noted, however, that there is no strong evidence within the pollen records to support 
this suggestion, since their pollen are never abundant in the records. 

The contribution of the C3 and C4 plants to the total vegetation cover cannot be 
determined from pollen analysis. Therefore additional compound-specific stable carbon 
isotope data from the high plain of Bogota is needed to further substantiate that C3/C4 

changes in vegetation communities did take place. This data will be presented elsewhere 
dealing with the organic geochemistry of the Funza-II core (Boom et al. 2002). 
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2.4.5. Effect of upward C4 grass migration upon palaeo-treeline investigation 

Expanding C4 grasslands from lower elevations upslope dilute the forest signal 
in pollen spectra and glacial C4 grassland might be interpreted in the pollen record as 
'descending high-altitude C3 grasslands'; the position of the upper forest line may be 
estimated as too low and, as a consequence, the palaeo-temperature may have been 
estimated too low. The forest line itself is also influenced by/?CO, and environmental 
aridity as shown in Central Africa (Jolly and Haxeltine 1997), which potentially may 
lead to over-estimation of the downslope migration of the upper forest line. At this 
moment we are unable to quantify this impact. In a palaeo-ecological study of the 
altitudinal migration of the subandean forest belt Wille et al. (2001) show that the 
glacial lapserate in the Andes was steeper than today (Farrera et al. 1999), which 
perhaps could counterbalance the error discussed above. 

2.5. Conclusions 

Based on theoretical considerations and stable carbon isotope data, we propose 
that C4 grasslands must have developed during (parts of) glacial periods in the basin 
of Bogota. There is sufficient information available to accept that replacement of C 
grasslands by C4 grasslands is climatically controlled and thus has implications for 
climatic reconstruction of the area. Changes in temperature, precipitation, andpC02 

play an important role in the altitudinal zonation of vegetation belts. Several vegetation 
types such as the ArcytophyllumlSporobolus vegetation community are recognized as 
a relict of the C4 Sporobolus grasslands that probably covered large areas in the high 
Andes during the glacial periods with low pCOr Moreover, the modern taxon 
Sporobolus lasiophyllus is the only high altitude C4 grass in the area capable of forming 
dense stands of grassland. 

Treeline position and its relation to climatic variables is more complex as realised 
before. Temperature, precipitation, pC02, lapserate, floral composition of the forest 
communities and physiological balance between C3 and C4 plants above and below 
the upper forest line play a role. Some variables may partly counterbalance and reduce 
the total effect on current practice of estimating palaeo-temperatures. 
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CHAPTER 3 

C02- and temperature-controlled altitudinal shifts 
of C - and C-dominated grasslands allow 

4 3 ° 

reconstruction of palaeoatmospheric pC02 

This chapter was published in: Boom A, Marchant R, Hooghiemstra H, Sinninghe 
Damsté JS (2002) Palaeogeography, Palaeoclimatology, Palaeoecology 177:151-
168. 

During the Pleistocene the vegetation changes in the high Colombian Andes included 
changes from C3 to C4 plants. This is inferred from a13C values of the C3] rc-alkane 
from the Funza-2 sedimentary record taken from the high plain of Bogota at 2550 m 
elevation. The environmental factors thought to be responsible for these changes were 
investigated using a single point simulation of the BIOME3 vegetation model, 
including changes in precipitation, temperature and atmospheric C02 concentrations. 
The model shows that changes are for a major part caused by these latter two factors. 
The isotopic signature of the «-alkanes of several extant C3 and C4 grasses from the 
area were determined to calibrate the interpretation of the isotopic record. From the 
geochemical record, we estimated the altitudinal distribution of C3 and C4 plants, 
using present grass distribution patterns based on floristic data as a template. This 
information, in combination with palaeotemperature estimates, enabled the 
reconstruction of atmospheric C0 2 concentrations. The reconstructed C0 2 

concentrations follow the trends of the Vostok Antarctic ice core through three glacial 
and two interglacial stages. The lowest calculated C02 concentration is ca. 210 ppmV 
for the glacial maxima and within the range of lowest values from Vostok, our highest 
value (310 ppmV) is for interglacial MIS 7. This represents a new method to reconstruct 
palaeoatmospheric pCOr It is less accurate than measurements from ice cores, but 
has potential to be used for sediments that are much older than the ice cores. 

45 



3.1. Introduction 

3.1.1. Photosynthetic pathways and environmental conditions 

Throughout the plant kingdom two major photosynthetic pathways predominate. 
The largest group of plants use the C3 pathway, these include most trees and shrubs 
and many other plants. The other pathway of C02 fixation is the Hatch-Slack or C4 

dicarboxylic acid pathway (Hatch and Slack 1966), which is particularly common 
among tropical grass species. C3 photosynthesis evolved around the Rubisco C02 

fixing enzyme. In the Earth's history Rubisco appeared around 3 billion years ago 
(Hayes 1994), when C02 concentrations were much higher and 0 2 concentrations 
much lower than today (Kasting 1987; Berner and Canfield 1989). Under present-
day atmospheric CO, and 0 2 concentrations, the carboxylation of the Rubisco enzyme 
suffers from competition with oxygenase, especially at high temperatures. This is 
called photorespiration and significantly limits the photosynthesis of C3 plants. The 
C4 photosynthetic pathway evolved to cope with this problem; it is much more effective 
in C02 uptake than the C3 pathway, due to a C02 concentrating mechanism. In C4 

plants the C02 is actively concentrated around Rubisco, preventing photorespiration. 
This allows C4 plants to assimilate CO, with less water consumption, giving it higher 
water use efficiency (WUE) (Downes 1969). However, the C02 concentrating 
mechanism requires additional energy to operate. Thus, in general, C4 plants grow 
under warmer conditions than C3 plants and in areas where they can out-compete C 
plants because of their higher WUE. 

Three sub-groups of the C4 pathway are known, those that use the nicotinamide 
adenine dinucleotide phosphate malate dehydrogenase enzyme (NADP-me) to form 
malate, those that use nicotinamide adenine dinucleotide phosphate malate 
dehydrogenase enzyme (NAD-me) and those using phosphoenolpyruvate 
carboxykinase enzyme (PCK) to release CO, from their internally stored carbon pools 
(Hatch et al. 1975). All three groups have a different leaf morphology and physiology 
and grow under slightly different environmental conditions, but have in common that 
they are mostly found in tropical regions. Patterns of water availability have been 
found to explain the distribution of the three C4 sub-groups (Hattersley 1982). Those 
using NADP-me tend to favour more mesic and non-saline habitats, while those with 
NAD-me tend to favour more arid and saline environments, but the reasons for this 
are unclear (Hattersley 1982). However, the distribution of plants with the C4 

photosynthetic pathway as a whole seems to be largely determined by temperature 
(Sageetal. 1999). 

3.1.2. The potential effect of C0 2 on vegetation 

Vegetation models, such as BIOME3 (Prentice et al. 1992; Haxeltine and Prentice 
1996), show that under lower partial atmospheric pressures of C02 (pC02) global 
vegetation patterns change (Haxeltine and Prentice 1996; Doherty et al. 2000). 
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BIOME3 also predicts that montane vegetation belts are sensitive to changes 'mpC02 

(Jolly and Haxeltine 1997). In their single point simulation of BIOME3 they showed 
that in tropical Africa, at high elevation, ericaceous scrub vegetation replaces montane 
forest when pC02 is reduced. C4 grassland was also simulated, when both pC02 and 
precipitation were reduced. 

A model describing the cross-over for C3 versus C4 plants was reported by 
Ehleringer et al. (1997) and Cerling et al. (1997) and is based upon formulas from 
(Farquhar and von Caemmerer 1982) and constants reported by Jordan and Ogren 
(1984). The model predicts that those plants that obtain the highest quantum yield 
from photosynthesis will dominate over the others. The point where their quantum 
yield is equal is defined as the 'cross-over temperature' (T5Q%). All temperatures above 
T would favour C4 plants, and all values below T50% favour C3 plants. For this paper 
we define that T50% is equivalent to a vegetation coverage of 50% C3 plants and 50% 
C4 plants. T5Q% is a function of/?C02 (Collatz et al. 1998) and is expressed by Equation 
3.1 and shown in Figure 2.1: 

T 1 0 1 
150% = in 

In 0io 

„ 1 + 0.5 
PO* ccC* 

0.SpCÖ2S2s aCi 

aC4 

+ 25°C 
3.1 

where s25 is the specificity of the Rubisco enzyme for C02 relative to 02 at 25°C, Ql0 

is the relative change in s due to a 10°C temperature change, p02 the partial pressure of 
0 2 in the atmosphere (21 kPa), pC02 the partial pressure of C02 in the atmosphere, ocC3 

is the intrinsic quantum efficiency of C3 photosynthesis and ocC4 is the intrinsic quantum 
efficiency of C4 photosynthesis (Collatz et al. 1998). 

Ehleringer et al. (1997) demonstrated that at the present-day pC02 of 36 Pa T 
is around 17°C and that both latitudinal and altirudinal gradients of C3 and C4 grasses 
seem to have a cross-over point close to 17°C, just as the model would predict. Collatz 
et al. (Collatz et al. 1998) used the same model to show, and explain, changes in the 
C3 and C4 grassland composition since the industrial revolution. They compared this 
with historical data and showed that grassland composition had changed dramatically 
since the industrial revolution, the onset of the anthropogenic rise in atmospheric 
C02 concentrations. 

During the glaciations of the last 400 ka of the Pleistocene, significant changes 
in atmospheric C02 have occurred. The Antarctic ice core record of Vostok shows 
that global C02 concentrations dropped at least 100 ppmV during glaciations (Petit et 
al. 1999). Vegetation models predict that this must have had a considerable impact on 
terrestrial vegetation (Cowling and Sykes 2000). Also the distribution of the C3 and 
C4 grasses must have changed in favour of C4 grasses as Equation 3.1 implies. 
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3.1.3. Proxies for the presence of C4 grass in palaeo-environments 

Several proxies have been used to infer past changes in the contribution of C3 

versus C4 plants to the vegetation. Fossil pollen assemblages are not suited to determine 
these contributions among grasses (Poaceae), since their pollen grains are virtually 
identical (Moore et al. 1991). Phytoliths and stable isotopes are the most widely 
accepted proxies. Phytoliths are biogenic opaline silica bodies present in plant cells. 
For some plant taxa they can be highly diagnostic and can be used in a similar way as 
fossil pollen assemblages. Although phytoliths from C3 and C4 plants do not differ 
fundamentally, assemblages from particularly highly diagnostic grass phytoliths allow 
the identification of grasses to sub-family level and in this way the diversity of ancient 
grasslands can be investigated (Fredlund and Tieszen 1997; Alexandre et al. 1997; 
Barbonietal. 1999). 

The stable carbon isotopic composition of plant biomass is a tool that allows 
identification of C3 or C4 pathways, but does not allow classification of grasses to 
tribe level or division into sub-groups. As a result of their different metabolic pathways, 
C3 and C4 plants have distinct carbon isotopic signatures. Organic material produced 
by C, plants has characteristic 813C values around -27%o (O'Leary 1981), whereas 
that of C4 plants is much more enriched in 8I3C and shows characteristic values of 
around -12%o (Bender 1971). Hartersley (1982) showed that there is a small but significant 
difference in 813C of the total organic matter (TOC) between the three C4 sub-types. C3 

plants along altitudinal gradients show decreased fractionation with increasing 
elevation, giving rise to an enrichment of 2%o for C3 plants at 4000 m, due to changing 
p./pa ratios (Bird etal. 1994;Körneretal. 1988). 

For the palaeorecord TOC of soils can be analysed for its stable carbon isotopic 
ratios. The presence of C4 plant material would manifest itself in elevated 8'3C values 
(e.g. Schwartz et al. 1986; Guillet et al. 1988). In very ancient soils organic material 
can be completely oxidised, in this case soil carbonates can be analysed which may 
have retained the isotopic ratios of the organic matter (Ceding et al. 1997). However, 
often the TOC of sediments represents a very complex mixture of diverse sources and 
it is impossible to accurately assess C4 plant contributions from the 8I3C of TOC. 
Therefore, it is better to look at a plant-specific proxy instead. Terrestrial plants produce 
leaf waxes. In the constituents of leaf waxes the isotopic signatures of the 
photosynthetic pathways are retained. Plant wax n-alkanes are biosynthesised with 
characteristic odd-over-even-carbon number predominances of the long-chain (C27-C35) 
components. These distributions make these «-alkanes a good proxy for terrestrial 
plants (Eglinton and Hamilton 1967). The «-alkanes are also highly resistant against 
biochemical degradation and survive diagenesis in the sedimentary record (Cranwell 
1981). They can be easily dispersed by wind, can be associated with plant detritus or 
be adhered to dust particles and can thus end up in lake sediments. Leaf lipids are 
much more depleted in 13C than the total biomass as a result of different metabolic 
pathways. Leaf wax «-alkanes have SI3C values about 8%o more depleted than the 
biomass: forC3 plants -35%o and for C4 plants -19%o (Rieley etal. 1991; Rieley et al. 
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1993; Collister et al. 1994). However, the isotopic compositions of C4 plant «-alkanes 
have not been thoroughly studied yet, since only a few C4 plants have been analysed. 

3.1.4. Palaeo-evidence for increasing contributions of C4 plants at times of low 
atmospheric CO, concentrations 

Several studies have been reported of which many focus on the last 20 million 
years. Quade et al. (1995) and Quade and Cerling (1995) reported a 20-Myr-old 
pedogenic carbonate isotope record from Asia, revealing a shift from C3- to C4-derived 
biomass between 8 and 6 Ma. Cerling et al. (1997) show that this shift is global and is 
reflected not only in soil carbonates but also in fossil tooth enamel from grass grazing 
herbivores (MacFadden et al. 1996) and terrestrial organic carbon preserved in marine 
sediments. They proposed that this phenomenon was the result of declining C02 levels 
during the Neogene. 

Several stable carbon isotopic records of the Quaternary period have been reported 
to show changes in C3 versus C4 plant vegetation contributions. These are mainly 
from the tropical regions. In Africa several records of 813CTOC in lake sediments and 
in bogs have been reported. The Kashiru peat bog record from Burundi (the same 
location of the BIOME3 simulation by Jolly and Haxeltine 1997) indicates a shift 
from C3 to C4 biomass between 15000 and 10000 yr BP (Aucour et al. 1994). Lake 
Barombi Mbo in West Cameroon (Giresse et al. 1994) and Lake Bosumtwi in Ghana 
(Talbot and Johannessen 1992) show similar trends in their sedimentary 813CTOC 

records. In these studies, the pollen assemblages indicated that the most likely source 
for the C4 plant isotopic signal were grasses and sedges (Cyperaceae). 

Street-Perrott et al. (1997) show that high altitude lake sediments from Mount 
Kenya have recorded the presence of C4 grasses during the last glacial maximum 
(LGM), using stable carbon isotopes of organic matter and individual molecules. The 
occurrence of 8I3C -enriched Botryococcus algal remains (Huang et al. 1999) led the 
authors to also investigate the 813C composition of leaf wax «-alkanes. The records 
from Sacred Lake (Street-Perrott et al. 1997) and Lake Nkunga (Ficken et al. 1998) 
both show TOC and «-alkanes with enriched 513C values at roughly similar intervals. 
The authors thoroughly investigated the sedimentary record with 813C of molecular 
markers for aquatic vegetation and algae but also with pollen and diatom records. 
The expansion of C4 grasses during the early glacial toward the LGM was attributed 
to a combination of lowered atmospheric pC02 and a reduced rainfall. 

The 8l3CTOC record of Funza-2 on the high plain of Bogota shows enrichments that 
may be explained by a significant expansion of C4 grasses at glacial times (Boom et al. 
2001). At high altitudes in the Colombian Andes (3000 m or more) some exceptional 
patches of C4 grasslands presently occur. Boom et al. (2001) proposed that these 
patches of high altitude C4 grassland are relict vegetation patches from the last glacial 
climate. During glacial periods C4 grasses may have flourished in places where today 
exclusively C3 grasslands appear, as has been reported for Mt Kenya (Street-Perrott et 
al. 1997; Ficken et al. 1998). Marchant et al. (2002) shows that there are significant 
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changes in the high altitude grassland biomes during glacial-interglacial intervals. 
However, a C4 grassland biome could not be identified yet using pollen-derived data 
sets. 

Here we report the S13C record of leaf wax «-alkanes of tropical high altitude 
lake sediments from the Colombian Andes to reveal shifts in C3 versus C4 plant 
vegetation. We investigate the behaviour of the C4 grass biome under varying 
precipitation, temperature and C02 conditions using the independent BIOME3 
vegetation model. Finally, we attempt to reconstruct atmospheric CO, concentrations, 
based upon the principles of the model by Ehleringer et al. (1997). The reconstructed 
C02 concentrations are compared with results obtained directly from air bubbles within 
the Vostok ice core (Petit et al. 1999). 

3.2. Area descriptions, methods and materials studied 

3.2.1. The area 

The study area is the high plain of Bogota, the floor of an old sedimentary basin, 
located at 2550 m elevation in the Colombian Eastern Cordillera (Figure 3.1). A large 
shallow lake existed here from 3.2 Ma until the basin drained around 28 kyr BR The 
Colombian capital, Bogota, is now located on the high plain. 

On the surrounding slopes of the Andes, from low to high elevation, several 
characteristic vegetation zones can be distinguished: subandean forest, which presently 
ranges from 1000 to 2300 m of elevation, Andean forest (2300-3200 m), subparamo 
(3200-3500 m) and grass paramo (3500 4200 m) (Figure 3.2A). The transition from 
Andean forest to subparamo, i.e. the upper forest line, presently lies at 3200 m, 
corresponding to the annual 9.5°C isotherm (van der Hammen and Gonzalez 1960; 
Hooghiemstra 1984; Mommersteeg 1998). The grass biomes of today are the paramos. 
These cool/temperate tropical alpine grasslands are dominated by the C3 grass 
Calamagrostis effusa. The present-day cross-over point between C4 and C3 grass 
species based upon floristic data lies at 1900 m (Boom et al. 2001: Figure 3.2C). 

3.2.2. Samples 

The Funza-2 core (4°50'N, 74°12'W) was drilled in 1988 with Longyear drilling 
equipment of the Colombian Geological Survey (Ingeominas) in the sedimentary basin 
of Bogota. The core was sampled within 3 weeks after collection; the core is stored 
under cool conditions (approximately 10-15°C) in Bogota whereas the sub-samples 
were stored in a cold room (4°C) in Amsterdam. Along the core interval of 20-60 m, 
samples were collected at approximately 1-m intervals for pollen and 8'3C analysis. 

Time control of Funza-2 sediments is based on absolute dating (Andriessen et al. 
1993) of Funza-2 and Funza-1 core sediments, inter-core correlation of Funza-2 and 
Funza-1 based on visual match, and visual match correlation between 8180 record 
ODP 677 (Shackleton et al. 1990) and both Funza cores (Van't Veer and Hooghiemstra 
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Figure 3.1. Map showing the location of the study area in the Eastern Cordillera of Colombia. 
The location of site Funza-2 on the high plain of Bogota is indicated. The inset shows a climate 
diagram representative for the study area (climate data from: Kuhry 1988). 
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2000; unpublished data). The sites of Funza-2 and Funza-1 lie ca. 1 km apart in the 
centre of the basin. The pollen diagrams show down core changing contributions of 
pollen originating from the four main vegetation belts of these tropical mountains. 
The Funza-2 core interval of 0-55 m represents the period of approximately 300-28 
kyr BP. 

Six characteristic and abundant grass species (Poaceae) of the study area were 
collected in the field for chemical analysis. Andropogon leucostachyus, which is C4 

of the NADP-me sub-type, Melinis minutiflora, of the PCK type, and Sporobolus sp., 
either the C4 NAD-me sub-type or the PCK type (depending on the species), were 
sampled between 2000 and 2500 m of elevation. Calamagrostris effusa, Chusquea 
scandens (a bamboo) and Cortaderia sp., all of the C3 type, were collected around 
3000 m. 

3.2.3. Analytical methods 

Sediment samples were freeze-dried and subsequently ultrasonically extracted 
with methanol, methanol:dichloromethane (1:1) and dichloromethane. From the 
combined fractions the solvents were removed in vacuo and the apolar and polar 
components were separated from the residues using aluminium oxide column 
chromatography and hexaneidichloromethane (9:1) and ethyl acetate as eluent, 
respectively. 

The apolar components were analysed using gas chromatography, identified using 
gas chromatography-mass spectrometry (GC/MS) and the 8I3C values of individual 
compounds were established using isotope ratio monitoring gas chromatography-
mass spectrometry (irm-GC/MS). By definition, the stable carbon isotopic composition 
of a sample is given by: 5I3C (%> )=100O[(Rsamp|e/i?pDB)-l], where R=,3C/l2C and PDB 
is the Pee Dee Belemnite marine carbonate standard. 

GC/MS was performed using a Hewlett Packard 5890 Series II gas chromatograph 
coupled to a VG Autospec Ultima mass spectrometer operated at 70 eV with a mass 
range mlz of 800 50 and a cycle time of 1.6 s. The GC was equipped with a fused 
silica capillary column (25 mxO.32 mm) coated with CP-Sil 5 (film thickness 0.12 
mm). The carrier gas was helium and on-column injection was applied. 

irm-GC/MS has been used to measure the 813C values of the individual compounds 
and was described by Hayes et al. (1990). The Hewlett Packard 5890 Series II GC 
was equipped with a fused silica capillary column (25 m><0.32 mm) coated with CP-
Sil 5 (film thickness 0.12 mm). The carrier gas was helium and on-column injection 
was applied. The isotopic compositions were calculated by integration of the masses 
44, 45 and 46 ion currents (Merrit et al. 1994). 

3.2.4. Model operation 

An established vegetation model (BIOME3) was used to investigate the effect of 
the climatic variables temperature, precipitation and atmospheric C02 concentration 
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upon local vegetation (Haxeltine and Prentice 1996). This model is able to simulate 
potential vegetation biomes using climate and soil data as input. The original BIOME3 
program was unchanged. We adjusted the driver software (a routine that handles the 
input and output of data of the model) in such a way that it will vary two climatic 
variables for a single location. When the model is executed and fed with the appropriate 
climatic and soil data it is able to reproduce the results reported by Jolly and Haxeltine 
(1997). 

The model was fed with input that consisted of average monthly climate data 
obtained from a climate station at Funza, representative of local climate (Kuhry 1988). 
Mean monthly precipitation for January until December, reaching a total of 780 mm/ 
yr, and temperatures are shown in the climate diagram (Figure 3.1). All other variables 
including soil parameters were taken from the grid cell containing our study site of 
the Leemans and Cramer (1991) data base. Atmospheric C02 concentration at high 
elevation is similar to that at sea level. However, the pC02 will decline at higher 
elevations as a result of the altitudinal decline of atmospheric pressure. Atmospheric 
pressure at 2550 m was calculated to be 740 mbar using the hydrostatic pressure 
formula (Mcllveen 1992). 

3.3. Results and discussion 

3.3.1. 813C of M-alkanes from extant grasses 

To test the 8I3C composition of leaf wax M-alkanes as proxies for terrestrial 
vegetation, the isotopic values for leaf lipids of several plants were determined in the 
study area. The distribution and corresponding 8I3C values of the M-alkanes from six of 
the most characteristic grasses were analysed. The distribution of the M-alkanes is 
quite variable among the analysed grass species (Figure 3.3). Different specimens of 
the same species sometimes also show variable distributions (unpublished results). 
The isotopic ratios of the leaf wax M-alkanes are in agreement with the findings of 
Rieley et al. (1993) and Collister et al. (1994). The 813C values of the M-alkanes of the C4 

grasses are around -20%o and those of the G, grasses are around -35%o . Isotopic 
enrichment of the M-alkanes due to the altitude effect (Bird et al. 1994; Körner et al. 
1988) is not noticeable in these grass specimens. Traditionally the C29 and C3| n-
alkanes are both considered biomarkers for higher plants (Tissot and Welte 1984). 
However, in the three most abundant analysed C4 grasses the M-C3] is much more 
dominant. Therefore, we selected the M-C31 alkane as the marker to show changes in 
vegetation through analysis of leaf wax lipids. 

3.3.2.8I3C values of fossil /t-alkanes from Funza-2 core sediments 

The fossil M-alkanes found in the sedimentary record are derived from a wide 
variety of plants. But there might be other sources of M-alkanes in a lacustrine 
environment. Cultures of the A-race of the freshwater alga Botryococcus braunii are 
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Figure 3.2. Altitudinal vegetation distribution (observed and tentative) in the study area. (A) 
Present-day vegetation belts. The basin lies in the Andean forest belt and the upper forest line 
is at 3200 m; only the most elevated areas (>3200 m) around the high plain are covered by 
treeless paramo vegetation. (B) Reconstructed vegetation setting during the LGM 
(approximately 18 kyr BP) based on many (>30) pollen records from locations between 2000 
and 3800 m elevation. Presence of the palaeo-lake is shown (in fact the lake drained between 
30 and 25 kyr BP). The upper forest line lies at approximately 1900 m and the basin is surrounded 
by grass paramo vegetation (adapted after: van der Hammen 1974). (C) Present-day altitudinal 
distribution of plants with a C3 and C4 photosynthetic metabolism, based on data from the 
literature and own observations (Boom et al. 2001), and unpublished data. (D) Tentative 
reconstruction for 18 kyr BP of maximum possible extent of C4 grass distribution based on 
Ehleringer's model, when CO, is reduced to 180 ppmV and temperature is today's value 2"50% 

is predicted at 10°C. Most of the paramo might be dominated by C4 plants; only the most 
elevated (and coldest) areas might have been covered by C3 plants. This setting of parameters 
illustrates that changes in atmospheric pC02 may only partly explain migrations of vegetation 
belts, (note: the original figure was published in colour). 
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Figure 3.3. «-Alkanes and their 8I3C values from three common Andean C4 grasses (Andropogon 
leucostachyus, Melinis minutiflora and Sporobolus sp.) and three C3 grasses (Calamagrostis 
effusa, Chusquea scandens and Cortaderia sp.). 

known to produce n-C25 and «-C27 alkadienes (Metzger et al. 1986) which may upon 
diagenesis be transformed into C25 and C27 w-alkanes, seriously interfering with the 
higher plant «-alkane record. It is also known that B. braunii lipids can be enriched in 
13C (see chapter 4) which could be confused with a possible C4 higher plant origin. 
Indeed, highly enriched 813C values (up to -10%o) were noted for n-C2S, (-12%o for n-C27 

and -18%o for M-C29). Therefore, the n-C}, alkane was selected to investigate the changes 
in C3 and C4 plant contribution. The 813C values of the «-C31 alkanes in sediments of the 
Funza-2 core vary between -32%o and -26%o(Figure 3.5) and represent an average 
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composition of the leaf waxes of the surrounding vegetation of the palaeo-lake. 
Assuming an end-member linear mixing model in terms of 813C for C3 and C4 

photosynthesis it is possible to estimate the proportion of C4 versus C3 vegetation 
(e.g. Huang et al. 2000)). We define the coverage of C3 plants, the vegetation index, VI, 
as follows: 

y j _ / ï 13/-1 /-i \/(C^ -("" ^ 3 2 
*- «-C31 3, end-member' *• 4, end-member 3, end-member' 

VI will have a value between 0 meaning 100% C4 domination and 1 meaning 
100% C3 domination. On the basis of the analysed grass species, the end-members 
for the present study are -20%o for C4 and -35%o for C3 leaf wax rc-alkanes. Throughout 
the Quaternary the isotopic composition of atmospheric C02 has not varied more 
than 1%0 (Smith et al. 1999). This small variation should have had only a minor effect 
on the end-member method. The most depleted n-C3l, with 813C values of around -
32%o , can thus be related to an almost pure C3 source. This occurs in the core interval 
that corresponds to the interglacial of marine isotope stage (MIS) 7, around 48 m core 
depth and around 31 m in MIS 5. In both intervals the contribution of the Andean 
forest belt is high, and the contribution of C4 plants is likely to be very limited. The 
most enriched w-C3] is in the second half of MIS 7 going into glacial MIS 6, and again 
in MIS 4. The most enriched value of-26%o at 35 m would imply a C4 coverage of as 
much as 60%. A 100% C4-dominated vegetation type cannot be expected, since there 
are always plants associated with these vegetation types that are of the C3 type. The 
high altitude C4 Sporobolus lasiophyllus grassland observed today probably comes 
closest to the glacial vegetation type containing 60% C4 plants. This modern vegetation 
type has a high coverage of C3 plant taxa such as Arcytophyllum and Espeletiopsis, 
while the coverage of the C4 grass Sporobolus is only 35% (Boom et al. 2001; Cleef 
1981). The interpretation of the end-member mixing model in terms of surrounding 
vegetation is a simplification, since high elevation C3 plant detritus can be transported 
down slope and dilute the C4 signal. 

3.3.3. Palaeotemperature reconstruction 

The pollen diagram of Funza-2 is summarised in Figure 3.4. Four distinct vegetation 
zones are recognised: the subandean forest, the Andean forest with Quercus and 
Alnus, the subparamo and the grass paramo. The taxa included in the pollen sum have 
been described by Hooghiemstra (Hooghiemstra 1984). During the Pleistocene, the 
upper forest line migrated along the slopes from maximally 3400 m (warmest interglacial 
climate) to minimally 1800 m (coldest glacial climate) (Figure 3.2A,B). Palaeotemperatures 
at 2550 m have been inferred from the estimations of the altitudinal position of the 
upper forest line using a lapse rate of 0.6°C for each 100 m of forest line displacement 
(for procedures see: van der Hammen and Gonzalez 1960; Hooghiemstra 1984), indicating 
a temperature change from +1.2°C to -7.8°C compared with today (Van't Veer and 
Hooghiemstra 2000). The vegetation history and floral evolution of this area are known 
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Figure 3.4. Downcore changes in the upper part of core Funza-2 showing the pollen record, 
a13C «-alkane record, the palaeotemperature estimates, the reconstructed C02 values, and Vostok 
ice core CO concentrations after Petit et al. (1999). 
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in detail based on many pollen records from the basins of Bogota and Füquene. Our 
vegetation-based temperature record should be reliable and temperature estimates in 
most of the record have an estimated error of ±0.5°C. The possible effect of changes in 
C0 2 on the tree line estimation remains to be further investigated. Farrera et al. (1999) 
evaluated the temperature records of the tropics and acknowledged the effect of 
changing C02 upon tree line-derived records but do not give a conclusive answer to 
the problem. Street-Perrott et al. (1997) suggested that temperature records needed to 
be adjusted, but they only investigated changes from C4 to C3 vegetation, which do 
not provide an answer to what the actual effect of changes in pC02 is upon a forest 
shrub ecotone. The only evidence of a C0 2 effect upon a forest shrub ecotone so far 
comes from modelling (Jolly and Haxeltine 1997; Cowling and Sykes 1999). We assume 
that the possible effect of C02 upon the tree line is included in the error estimate and 
for lack of better temperature proxies, we accept the pollen-derived temperature record 
from Funza. 

The Funza-2 pollen record shows at the base of glacial MIS 8 the presence of 
grass-rich paramo vegetation at 2550 m altitude, indicative of glacial cold conditions 
(Figure 3.5). The temperature estimate for this section is c. 6°C, the coldest of the 
entire section. A similar, though less extreme, dominance of grass pollen is observed 
for MIS 6 and 4, also glacials with cold phases. The 813C record of «-C31 (Figure 3.4) 
shows that the MIS 8, 6 and 4 are also characterised by an increased amount of C4 

vegetation, likely to result from C4 grasses. However, it is also known that glacials 
MIS 8, 6 and 4 are characterised by significantly reduced pC02 levels (Petit et al. 
1999). At first sight it seems contradictory that the C4 plant contribution to the 
vegetation cover increases during colder glacials, since C4 plants are favoured at higher 
temperatures. However, a lowerpC02 will allow C4 plants to compete with C3 plants 
at lower temperatures than today (Figure 2.1). Thus, the change in C3 versus C4 plant 
abundance through time is an interplay of two variables, temperature and C02, as 
defined by T50% in Equation. 3.1. 

3.3.4. BIOME3 simulations 

To find out what kind of climatic factors potentially trigger the changes from a 
C4 grassland to a C3-dominated biome at the location of the high plain of Bogota, the 
BIOME3 vegetation model (Haxeltine and Prentice 1996) was used. The model was 
fed with climate data from a weather station near the village of Funza on the high 
plain of Bogota (see climate diagram in Figure 3.2; Kuhry 1988). 

58 



C0 2 in ppmV 
170 180 190 200 210 220 230 240 250 260 270 280 290 

C„ humid 
savanna 

Andean Forest 

Sub Paramo 

O 
-10 ° 

_c 
9 0> 

8 2 

Q. 
r 7 E 

- 5 

- 4 

A 

Precipitation in mm/yr 
150 200 250 300 350 400 450 500 550 600 650 700 750 

C4dry 
savanna 

C4 humid savanna 

Sub Paramo 

O 
g 

j 0 

8 5 
Q. 

?E 

B 

Figure 3.5. Single point simulations of the BIOME3 model for Funza. (A) B10ME3 simulation 
for the locality of Funza, with a constant, present-day precipitation regime of 760 mm/yr. The 
graph shows the results of simulated biomes when temperature gets colder and/or when CO 
gets lower than today. (B) BIOME3 simulation for Funza with constant LGM C02 of 200 
ppmV. This graph shows what is simulated for the Funza location under glacial atmospheric 
C02 and decreasing temperature and presipitation regime. 
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Three climatic variables were investigated: precipitation, temperature and 
atmospheric CO, concentration. The model is then executed and produces a series of 
biomes, which have been plotted into a two-dimensional grid, with the climatic 
variables. Figure 3.5 shows two plots showing some of the output of this modelling 
exercise. Figure 3.5A shows the outcome when precipitation is kept constant, and in 
Figure 3.6B the C02 concentration is kept constant at the glacial value of 200 ppmV. 

The model simulates a forest-type biome for the high plain of Bogota at present 
conditions (this biome is located in the top right of the plot in Figure 3.5A). Since the 
original classification scheme of BIOME3 is a global set of biomes, it does not include 
categories more specific to our study area, the tropical Andes. Since we have no 
additional data how to distinguish between the various types of forest biomes in our 
area, we assigned all woody plant functional types (PFTs) with a net primary production 
(NPP) of more than 600 g C/m2 yrto an 'Andean forest' biome. The result is equivalent 
to the experiments of (Jolly and Haxeltine 1997), except that they used an NPP of 300 
g C/m2 yr for the distinction of'Afro-montane' forest and ericaceous scrub vegetation. 
The value of 600 g C/m2 yr calibrates the model with the present-day forest line at 
9.5°C. All woody PFTs with an NPP lower than 600 g C/m2 yr are classified as 
subparamo biomes (still containing a large amount of small trees and woody shrub 
vegetation). The biomes resulting from the model can probably be separated into a 
multitude of sub-biomes, but in this paper, we focus only on the C4 plant-containing 
biomes. Thus, we make no further distinction among the forest and paramo biomes. 
All simulated non-woody PFT-containing biomes are left as they originally are 
implemented in the classification scheme of the model. 

When the temperature is lowered from 13.4°C to 8.4°C at a pre-industrial CO, 
concentration of 290 ppmV, the Andean forest biome is replaced by the subparamo 
biome. This is roughly consistent with field observations of the present-day upper 
forest line, which is located at the 9.5°C year isotherm (van der Hammen and Gonzalez 
1960). When the C02 concentration is reduced, the Andean forest is replaced by 
subparamo if the temperature is >8°C. At the lowest C02 concentrations, a C4 non-
woody PFT is simulated at present-day temperatures and is classified as a moist savanna 
biome. This biome shows up when atmospheric C02 concentrations are <210 ppmV, 
and when the temperature is >12°C, this moist C4 savanna is no longer predicted 
(Figure 3.5A). 

A simulation using a fixed atmospheric CO, concentration of 360 ppmV and 
varying temperature and precipitation only simulates Andean forest and subparamo 
biomes (not shown). Running the model with an atmospheric C02 concentration of 
200 ppmV, representing the lowest glacial values, and varying temperature and 
precipitation, moist C4 savanna biome is simulated again at a temperature of >12°C 
as previously predicted in Figure 3.5A. When under these conditions the precipitation 
regime is reduced to 50% of the present-day values, moist savanna will change into a 
C4 dry savanna (Figure 3.5B). Temperatures <12°C at 200 ppmV CO, atmospheric 
concentration give a subparamo biome type, regardless of precipitation. 
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The most important outcome from these model exercises is that the non-woody 
PFT-containing biomes are actually C4 grass biomes. This supports our interpretation 
of the isotopic record of Funza-2, indicating that C4 plants can be an important 
component of the vegetation on the high plain of Bogota under certain climatic 
conditions (e.g. glacial conditions). The model shows that C02 plays a key role in the 
appearance of the C4 biome on the high plain of Bogota. The model output also hints 
as to why there is not a continuous presence of C4 grasses in the study area during 
glacials, even when pC02 is significantly low. The C4 biomes are very sensitive to 
temperature and cannot exist when temperatures are <2°C. We can question whether 
the model is accurate enough to rely on these numbers, but it is additional evidence 
that temperature plays an important role in the altitudinal distribution of C4 dominated 
vegetation. We interpret the simulated biome zones not as having sharp boundaries, 
but as gradually grading into one another. 

The C4 grass expansion as seen in the 813C of the «-C31 alkane record does not 
reach a single maximum during the coldest phase of a glacial although atmospheric 
C02 may be low enough. The BIOME3 simulation shows that this can be explained 
by glacial temperatures that drop below the threshold at which the C4 biome cannot 
compete with the C3 subparamo biome. 

3.3.5. Atmospheric pC0 2 reconstructions for the past 

The isotopic record of «-alkanes from Funza showed that the contribution of C3 

plants and C4 grass to the vegetation surrounding the lake has changed through time. 
The contribution of C3 versus C4 plants can be estimated using an end-member mixing 
model. The BIOME3 vegetation model has shown that temperature and atmospheric 
C02 concentrations are the key variables needed to explain the shifts from C3 to C4 

vegetation types. Equation 3.1 gives T as a function of temperature and/>C02. 
When an estimation of the elevation of T50% can be made, pC02 can be calculated, 
because temperature is known from the independent pollen-based reconstructions. 
The 813C values of leaf waxes give us an estimation of the percentage of C3 (or C ) 
plant cover (Rieley et al. 1993; Collister et al. 1994; Huang et al. 2000). Naturally, 
this is a simplification of reality, since due to the topography of the catchment area, 
plant detritus waxes come not only from the local area but also, to some extent, from 
other elevations. From pollen and floristic data we know that the C4 plants in this 
region must be mainly grasses. C4 grass abundance declines with increasing altitude 
(Livingstone and Clayton 1980; Sage et al. 1999; Rundel 1980). Boom et al. (2001) 
showed that the distribution in Colombia and Ecuador follows very similar patterns. 
Present-day grass distribution data indicate how this altitudinal gradient is defined. 
We use a third-order polynomial trend function, f.a%), (Figure 3.6) to describe the 
altitudinal grass distribution as reported by Boom et al. (2001) in terms of the VI 
(Equation 3.2). 

fm =2850 VF-4949 VP+5497 VI+94 3.3 
•* I V I ) 
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The function f describes the composition of C3 plants within the total vegetation 
as opposed to C4 plants. In Figure 3.7 this curve is shown, on they-axis the elevations 
have been translated into modern-day temperatures. 2550 m elevation corresponds to 
13.4°C. With a lapse rate of O.6°C/lO0 m, equivalent to the rate used for the tree line-
derived temperature estimates (Hooghiemstra 1984), we translated elevation into 
temperature. T is the present-day temperature that corresponds to the estimated 
composition of C3 vegetation on the distribution curve. 

rv={[2550 w-^VI)]0.6°C/100 m}+13.4°C 3.4 

T50% is T at which 50% C3 and 50% C4 grasses occur. T50% will not be constant in 
time, because T50% is a function of C02 (Equation 3.1). To reconstruct Tj0% through 
time, we define T50% a|aeo. Each analysed sample from the Funza has its palaeo-
temperature estimate, and will plot a point on Figure 3.6, which is offset from the 
modern-day distribution line with AT . The palaeo-distribution line belonging to the 
analysed point has an offset Ar50O/, which follows from Equation 3.1. If we assume 
that the general trend in the distribution of C3 versus C4 grasses remains unchanged, 
the offset of any point on the distribution line is equal to Ar50%. Hence, any point on 
the palaeo-distribution line is offset by AT^„,. Thus A7 =A7\„„, and T.m. , can then 

r J 50% VI 50% 50%,palaeo 

be calculated throughout the palaeorecord, simply by: 

T.~, , =T,m. , +AT.,, 3.5 
50%,pataeo 50%,modem VI 

AT is estimated from the palaeo-temperature estimate of the high plain of Bogota, 
and 7*V| is deduced from the modern-day distribution curve. Hence AT5I)% is defined as 
the palaeotemperature subtracted by a temperature. 

VI palaeo at 2550 m VI 

Now T.„., , can be substituted into Equation 3.1 and oCO. can be calculated. 
50%,palaeo l ^ 2 

The values for all the constants of Equation 3.1 were taken from Collatz et al. (1998). 
Instead of using a high elevation corrected value for atmospheric pOy we used a 
modern-day sea level value of 21 kPa; this causes our calculated pC02 to correspond 
to sea level too. For convenience we converted pC02 into concentrations and the 
results are plotted in Figure 3.5. The errors of our reconstruction were calculated 
using a maximum and minimum for T , ,„„ (±0.5°C) and 8I3C of the w-C,, (±0.6%o): 

° palaeo at 2550m y ' 31 v ' 7 

obviously this does not include possible errors introduced with one of the assumption 
we made. The C02 concentrations measured in the ice core of Vostok, Antarctica 
(Petit et al. 1999)are plotted for comparison in Figure 3.4. 
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The reconstructed palaeo-atmospheric C02 concentrations seem to fit reasonably 
well with the ice core data. Our approach to reconstruct palaeo-C02 ignores the 
influence of rainfall on the distribution of C4 and C3 plants. Sage et al. (1999) mention 
that aridity can modify temperature-driven altitudinal trends. A systematic error due 
to the humidity is probably relatively small because our results (both BIOME3 and 
C02 reconstruction) show that C02 and temperature are the main driving forces behind 
the C3-C4 vegetation changes in the Funza catchment area and environmental setting. 

In the reconstruction there is a systematic slight over-estimation of pC02 for 
interglacials. This is attributed to the fact that the vegetation dynamics are over
simplified and only changes in grass vegetation are considered. When the isotopic 
record indicates the presence of C4 plants, grasses are indeed the most likely 
components. In glacial periods when the isotopic signal indicates a larger C3 plant 
contribution, a significant proportion can indeed be attributed to cool-temperate C3 

29 
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Figure 3.6. Altitudinal grass distribution function. The distribution of present-day C3 grasses 
versus C4 grasses is plotted along a temperature and altitude gradient. Three known points are 
shown: T,m„ T.„ and T.„ , . From this A7\„„, can be inferred and the palaeo-cross-over point 

50%7 VI Vl.palaeo 50% r r 

can be calculated, allowing a palaeo-pC02 reconstruction. 
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grasses. But during the warmer interglacials, much grass vegetation is replaced by C3 

forest, as the pollen diagram indicates. In these situations the distribution curve based 
upon grasses (Figure 3.6) is no longer valid and this likely causes the calculation to 
produce an over-estimation of pCOr 

3.4. Conclusions 

Using stable carbon isotopes of fossil leaf waxes we have shown that there were 
significant changes in C3 versus C4 vegetation on the high plain of Bogota during the 
last 400 ka. Using the vegetation model BIOME3 it was shown that under low glacial 
atmospheric C02 concentrations, C4 grass biomes dominate the high plain. The C4 

biome is sensitive to both C0 2 concentration and temperature; when glacial 
temperatures get too cold a C3 biome is favoured. The modelled cross-over point, 
750%, makes it possible to reconstruct atmospheric C02 concentrations. The results 
match fairly well with those of the Antarctic ice core, Vostok (Petit et al. 1999). The 
method certainly needs more exploration; more relevant parameters (such as the 
incorporation of a forest model, instead of a plain grass model), which are presently 
missing but might be included to increase the accuracy and realism of the method. 
Although this method could never replace first-order proxy records from ice cores, it 
does provide a challenging way to reconstruct very long lacustrine sedimentary records 
of changing atmospheric pC02 at any desired resolution until the beginning of the 
Quaternary. 
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CHAPTER 4 

Extremely enriched 813C values for Botryococcus 
biomarkers and algaenans in Quaternary 
sediments from a high-altitude Andean lake. 

Arnoud Boom, Jaap S. Sinninghe Damsté and Stefan Schouten 

Organic Geochemistry (submitted) 

Botryococcenes present in glacial Quaternary sediments from a tropical, high 
altitude lake are unusually enriched in 13C (up to +4.5%o). These extraordinary 813C 
values are among the highest values reported for natural organic carbon. We propose 
that the occurrence of these l3C enriched botryococcenes is related to a depositional 
environment where algae were competing for C02 to a very strong degree. Due to a 
combination of low atmospheric C02 pressure, the high elevation of the lake and a 
algal super bloom, this strong competition caused an isotopic closed system effect 
where no fractionation could occur, leading to these unusual 8I3C values. These findings 
may also provide an explanation for the enrichment in botryococcenes in other lake 
sediments as observed in other studies. 
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4.1. Introduction 

The alga Botryococcus braunii is a cosmopolitan green algae from lacustrine 
environments (Knights et al. 1970; Largeau et al. 1980), and also occurs in brackish 
to saline waters (Grice et al. 1998; Smittenberg et al. submitted). Botryococcus strains 
from the so called B race produce a highly characteristic class of isoprenoid lipids, 
which are widely known as botryococcenes (Maxwell et al. 1968; Knights et al. 1970; 
Metzger et al. 1985). Because of their characteristic chemical structure, botryococcenes 
are good biomarkers for this alga and their diagenetic products (e.g. hydrogenated 
counterparts called botryococcanes) have even been found in petroleum, where their 
presence is used to determine the lacustrine origin of oils (Moldowan and Seifert 
1980). Numerous botryococcene isomers have been found in sediments and attributed 
to Botryococcus braunii because of the structural similarity of these components with 
botryococcenes from extant Botryococcus strains (e.g.Metzger et al. 1985; Metzger 
et al. 1986; David et al. 1988; Zheng et al. 1988; Metzger 1993; Huang and Murray 
1995; Okada et al. 1998). Botryococcus is also known to produce a highly resistant 
aliphatic cell wall polymer, algaenan, that preserves extremely well in sediments (Gelin 
et al. 1994), resulting in its recognition by palynological techniques (Tyson 1995). 

In spite of the detail that has been obtained regarding the different chemical 
structures that these green micro-algae typically produce, the processes leading to the 
stable isotopic composition of these compounds are still not well understood. It is 
often observed that the stable carbon isotopic composition (expressed in terms of 
813C) of botryococcenes in sediments are substantially enriched in l3C (Huang et al. 
1995d; Grice etal. 1998; Summons etal. 1995; Fuhrman et al., 2003). Photosynthetic 
organisms, especially those using the C3-pathway typically fractionate strongly (up 
to 27%o) against 13C during fixation of CÓ2 with the enzyme Rubisco (O'Leary 1981). 
Lipids are depleted in 13C relative to biomass (Schouten et al. 1998a) due to an isotope 
effect in the branch point where acetyl-CoA enters the TCA cycle or branches to lipid 
biosynthesis (de Niro and Epstein 1977; Melzer and Schmidt 1987). The isotopic 
composition of dissolved C02, when in equilibrium with the atmosphere, is depleted 
by about l%o as compared to atmospheric C02 (Vogel et al. 1970). Hence, 
photosynthetically produced lipids by algae in aquatic systems are typically lighter 
than -20%o. Therefore, 5I3C values ofbotryoccoccenes of up to -5%o (Table 1) are not 
straightforward to explain. Huang et al. (1999b) suggested that the enrichment of 
botryoccoccenes of up to -5%o they observed in African lake sediments could be 
explained by the possibility that Botryococcus assimilated bicarbonate instead of C02. 
Bicarbonate is typically enriched in l3C by ca. 8.5%o compared to atmospheric C02; 
this is a temperature dependant fractionation process (Mook et al. 1974). It is also 
known that many algae use an external carbonic anhydrase (CA) enzyme to enhance 
transport of C02 into the cell by active bicarbonate transport, and thus these algae can 
also utilise bicarbonate instead of C02, resulting in biomass typically enriched above 
-10%o (for review see: Raven et al. 2002). It is also known that CA production in 
algae can be induced by low C02 concentrations (Berman-Frank et al. 1995; Berman-
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Table 4.1. 5I3C values of Botryococcus biomarkers reported in literature. 

Compound 8"C range Origin References 

2,6,16,20-octahydro-
botryococcene. 
C33 botryococcenes 

C botryococcene 

C34 botryococcane 

C30 botryococcane 

-14.3/-5.1%o 
-36.9/-24.0%o 

-35.4/-6.2%o 

-10/-13%o 

-ll/-14%o 

Glacial lacustrine Huang etal. 1999b 
sediment Mt. Kenya Huang and Murray 1995 
Holocene lacustrine Huang et al. 1995a 
Mt. Kenya 

S. China lacustrine sediment Fuhrmann et al. 2003 
(very low concentration of the 
botryococcene showing -6.2%o) 

Miocene/Pliocene Dead Sea sediments Grice et al. 1998 

Bitumen-oil coastal Australia Dowling et al. 1995 

Frank et al. 1994). To the best of our knowledge, however, such a CA anhydrase has 
not been reported in Botryococcus yet. In freshwater environments the carbon isotope 
composition of dissolved inorganic carbon (DIC) is much less stable than in the marine 
environment, due to lower buffering capacity of the often small water masses, 
complicating the interpretation of freshwater algal derived 813C values (Raven et al. 
2002). 

Here we show that botryococcenes can even be more enriched in l3C than 
the -5%o reported by Huang et al. (1999b). In Quaternary sediments deposited during 
glacials in a tropical, high-altitude lake from the Colombian Andes botrycoccenes are 
extremely enriched in 13C (up to +5%o). We discuss possible causes for this extreme 
isotope enrichment. 

4.2. Experimental 

4.2.1 Study site and sediment core 
The high plain Bogota, which is situated at 2550 m altitude in the Colombian 

Eastern Cordillera, represents the bottom of a large palaeo-lake with an area of 1200 
km2. During the Quaternary, the basin accumulated an extraordinary sequence of lake 
sediments. Using this sedimentary record, the climatic and vegetation history of this 
area has been studied extensively (Hooghiemstra 1984; Hooghiemstra and Sarmiento 
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1991; Andriessen et al. 1993;Hooghiemstraetal. 1993; Hooghiemstra and Ran 1994b; 
Mommersteeg 1998; Hooghiemstra and van't Veer 1999; van't Veer and Hooghiemstra 
2000; Boom et al. 2001; Boom et al. 2002). However, little is known from the palaeo-
lake itself. Based upon the geology of the basin and on the fossil record of aquatic 
organisms, it is concluded that the lake was a large shallow basin. (Hooghiemstra 
1984; Hooghiemstra and van't Veer 1999). The Quaternary Funza record contains 
abundant fossil remains of Botryococcus (Mommersteeg 1998; Mommersteeg 1998; 
Hooghiemstra and Ran 1994a). 

The Funza-2 core, from which our samples were taken, was drilled in 1988 with 
Longyear drilling equipment of the Colombian Geological Survey (Ingeominas) in 
the sedimentary basin of Bogota near the village of Funza (4°50'N, 74°12'W). The 
core was sampled within 3 weeks after collection; the core was stored under cool 
conditions (approximately 10-15°C) in Bogota, whereas the sub-samples were stored 
in a cold room (4°C) in Amsterdam. Along the core interval of 20-100 m, samples 
were collected at approximately lm intervals for bulk 8I3C analysis and biomarker 
analysis (apart from the 60-80 m interval of the core). 

4.2.2 Biomarker analysis 
The powdered samples were ultrasonically extracted using methanol (3x), a 

1:1 mixture of dichloromethane/methanol (3x) and dichloromethane (3x). The extracts 
were separated using column chromatography with A1203 as stationary phase into an 
apolar and polar fraction using hexane/dichloromethane (9:1, v/v) and 
dichloromethane/methanol (1:1, v/v) as eluent, respectively. Selected apolar fractions 
were further separated into a saturated and unsaturated hydrocarbon fraction using 
Si02 impregnated with AgN03 as a stationary phase and hexane and hexane/ 
dichloromethane (DCM) (1:1) mixture and DCM as eluent. The fractions were analysed 
by gas chromatography, gas chromatography/mass spectrometry and isotope ratio 
monitoring/gas chromatography-mass spectrometry. 

4.2.3 Isolation of Botryococcus fossils 
Fossil Botryococcus algae were isolated from the sediment by density 

separation using dichloromethane. The floating fraction contained nearly only 
Botryococcus algae fossil remnants as examined under light microscopy (enlargement 
at 500x). The isolated fossils were extracted using methanol (3x), a 1:1 mixture of 
dichloromethane/methanol (3x) and dichloromethane (3x) and treated with RuO to 
analyse the insoluble organic matter. 

4.2.4 Ruthenium tetroxide treatment of Botryococcus fossils 
This treatment was modified from a procedure reported earlier (Blokker et 

al. 2000). Briefly, the Botryococcus fossils (ca. 5 mg) were ultrasonically suspended 
in a mixture of 1 ml chloroform, 1 ml acetonitrile and 2 ml of an aqueous solution of 
NaI04 (0.2 M, pH 3-4). After addition of 6 mg Ru(III)Cl3 the two-phase system was 
allowed to react in an ultrasonic bath. After 4 h, 3 ml water and 2 ml hexane were 
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Table 4.2. Molecular weights, molecular formula, Kovats indices and diagnostic ions in EI-
mass spectra of botryococcene isomers in Funza sediments. For compound numbers see Fig 
4.2. 

Botryococcene 

isomer Mw Elementalcomp. Kovatsindex MS diagnostic ions 

1 452 CJJHJ, 2675 69(100),81(63),95(62),109(80),121(53),151(23),177(29),203(5), 

217(10),287(4),452(3) 

2 452 CnHx 2693 69(100),81(55),95(58),109(73),12l(53),151(25),177(38),203(5), 

217(3),287(3),452(3) 

3 452 CJJH, , 2710 69(IOO),8I(63),95<66),109(85),121(67),151(32),177(57),203(7), 

217(5),231(3),287(5),452(5) 

4 474 CMH,6 2767 57( 100),71 (77),81 (90),95(50). 109(45), 123(33), 137(24), 165(6). 

291(91.475(2) 

residual material was removed by centrifugation and the organic layer was transferred 
into methanol (MeOH) (0.5 ml). The aqueous layer was extracted with 2 ml hexane (1 x) 
and 2 ml dichloromethane (DCM) (2x) and these organic layers were transferred to the 
first organic extract. The black Ruthenium salts were precipitated from the organic 
layer by centrifugation. The remaining supernatant was washed with 0.5 ml Na2S203 

solution (5% in H20). The extract was dried over Na2S04, evaporated to dryness under 
a nitrogen flow and methylated prior to analysis prior to analysis. 

4.2.5 Gas chromatography (GC) 
A Hewlett Packard 5890 Series II GC was equipped with a fused silica 

capillary column (25 m x 0.32 mm) coated with CP-Sil 5 (film thickness 0.12 um). 
The carrier gas was Helium and samples were on column injected. The oven was 
programmed from 70°C to 130°C at 20°C/min, followed by an increase of 4°C/min to 
320°C (15 min hold time). Compounds were detected using a flame ionisation detector. 

4.2.6 Gas chromatography-mass spectrometry (GC/MS) 
GC/MS was performed using a Hewlett Packard 5890 Series II gas 

chromatograph coupled to a VG Autospec Ultima mass spectrometer operated at 70eV 
with a mass range m/z of 800-50 and a cycle time of 1.6 s. The GC was equipped with 
a fused silica capillary column (25 m x 0.32 mm) coated with CP-Sil 5 (film thickness 
0.12 um). Carrier gas was Helium and samples were injected on-column. The 
temperature program was similar as used for GC. 
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Figure 4.2. Partial chromatograms of the apolar fractions of the sediments from (a) 49.8 m 
and (b) 97 m depth. The sediment from 49.8 m is the only sample containing C33H56 

botryococcenes. The sediment at 97 meter has the highest relative abundance of 2,6,16,20-
octahydrobotryococcene (4). The SI3C values of the most important compounds are indicated. 
These values were measured after separation of the apolar fraction into saturated and unsaturated 
compounds using a silver nitrate column. 

4.2.7 Curie-point pyrolysis-gas chromatography mass-spectrometry (Py-GC/MS). 
Py-GC/MS was performed using a Hewlett Packard 5890 Series II gas 

chromatograph with a FOM-3LX pyrolysis unit, interfaced to a VG Autospec Ultima 
mass spectrometer operating at 70eV, resolution 1000 with a mass range of m/z 800-
50 and a cycle time of 1.8 s. A small amount of the sample was applied to a 
ferromagnetic wire with a Curie-point of 610°C. The GC was equipped with a fused 

77 



C -3.2 %o 

s 

-1.6 %o 
C 14 

-5.2 %o 

C 10 -1.9% 
C 

•1.9%„ 
13 

11 
-1,2%o 

:12 

UuilUüuUJLxJLjuj 

time 
Figure 4.3. Partial chromatogram of Ru04 degradation products of the Botryococcus density 
fraction of the sediment from 49.8 m. The identified compounds are the methyl esters of 
dicarboxylic acids, indicated with their total number of carbon atoms. The isotopic compositions 
of the corresponding dicarboxylic acids is shown (corrected for addition of 2 methyl groups). 

point of 610°C. The GC was equipped with a fused silica capillary column (25 m x 0.32 
mm) coated with CP-Sil 5 (film thickness 0.40 im), with Helium as a carrier gas. 

4.2.8 Isotope ratio monitoring/gas chromatography-mass spectrometry (irm/GC-MS). 
The irm/GC-MS used is a Finnigan Delta C. The GC used was a Hewlett Packard 

5890 Series II GC equipped with a fused silica capillary column (25 m x 0.32 mm) 
coated with CP-Sil 5 (film thickness 0.12 m). The carrier gas was Helium and samples 
were injected on-column. The isotopic compositions were calculated by integration 
of the masses 44, 45 and 46 ion currents. Isotopic ratios the methyl esters of 
dicarboxylic acids were corrected for derivatisation by methylation of a C]6 fatty acid 
with known isotopic composition and subsequent isotope analysis. 

4.3. Results 

Figure 4.1 shows the 8,3C-values of TOC of the selected interval of the Funza-2 core 
(Boom et al. 2001; Mora et al. 2002). The interval covers a time span of approximately 
450 ka, the marine isotope stages are printed as numbers in the 513CTOC curve (Van't 
Veer and Hooghiemstra 2000). The relative amount (normalized on the amount of 
pollen from terrestrial vegetation) of Botryococcus micro fossils is also plotted and 
shows that these fossil remains are abundant throughout the section studied. In the 
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figure the grey box represents a small section that was not covert by the botryococcene 
analyses. 

4.3.1 Extractable biomarkers 
Analyses of apolar fractions revealed, in all sediments, the presence of 

relatively high amounts of K-alkanes with a strong odd-over-even carbon number 
predominance, likely derived from terrestrial higher plants (Boom et al. 2002), and 
C27-C30 hopanoids, derived from bacteria. In one case (49.8 meter sample) relatively 
high amounts of three C33 hexa-unsaturated compounds (1-3; Fig. 4.2) and one C34 di-
unsaturated compound (4; Fig. 2a). The latter compound had a retention time and 
mass spectral features (see Table 2) identical to 2,6,16,20-octahydrobotryococcene 
reported by Huang and Murray (1995). In contrast, the C33 compounds had retention 
times and mass spectral features (see Table 2) similar to those reported for C33 

botryococcenes by Huang et al.(1999b), i.e. relatively high intensities of m/z 177, but 
with some differences as well, e.g. higher intensities of m/z 69 versus m/z 95, indicating 
that they are probably isomers of the C33 botryococcenes identified by Huang et al. 
(1999b). 2,6,16,20-octahydrobotryococcene (4) and the related C33 isomers (1-3) are 
likely to be derived from Botryococcus race B or from organisms related to this 
Botryococcus race. 

In seven other samples (out of ca. 60 samples analysed for biomarkers) 
compound 4 was the only botryococcene isomer present, sometimes in relatively large 
amounts (e.g. 97 m interval; Fig. 2b). The occurrence of botryococcenes is restricted 
to just two intervals of the core, glacial stages 8 (49-57 m interval) and 12 (94-98 m 
interval). There is no correlation with the occurrence Botryococcus microfossils (cf. 
Figs, la and lc). 

Stable carbon isotope analysis of these botryococcenes in the total apolar 
fractions was not possible due to the complex mixture and co-eluting «-alkanes. In 
order to determine the carbon isotopic composition, the botryococcenes were separated 
from other apolar biomarkers using a silver nitrate column. The stable carbon isotopic 
compositions of the botryococcenes were extraordinarily enriched in l3C with 813C-
values between -10%o and +4.5%o. This latter value was measured for 2,6,16,20-
octahydrobotryococcene (4) in the sediment interval at 49.8 m depth (Fig. 2a). This 
compound is the most l3C enriched organic molecule in nature reported so far. Fig. lc 
shows the 813C values of the common botryococcene 4 for the sediments where 
botryococcenes were detected. 

4.3.2 Chemical degradation of Botryococcus fossils 
To further confirm the extremely enriched isotopic values of the biomarkers 

derived from Botryococcus, the fossil remnants of this alga, isolated by a density 
separation performed on the sediment interval from 49.8 m depth, was investigated 
by bulk and molecular carbon isotope analysis. Light microscopy indicated that this 
density fraction contained predominantly the fossil remnants of Botryococcus algae. 
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The fraction was extracted with organic solvents to remove any organic material that 
may have been attached to the outside of the fossils. Flash pyrolysis of the extracted 
Botryococcus fossils yielded a range of «-alkanes and n-alkenes up to C3 clearly 
indicating the material was composed of an aliphatic algaenan (de Leeuw and Largeau 
1993). Interestingly, bulk 13C-analysis of the Botryococcus fossils revealed an 
extraordinary high 813C -value of-2.1 %o . 

To further constrain the origin of the organic matter in the Botryococcus 
fossils and confirm its extremely enriched 13C-contents, chemical degradation with 
Ru04 was performed. This technique oxidizes the algaenan-containing cell wall by 
cleaving ether and double bonds and yields specific oxidation products (Blokker et 
al. 2000; Schouten et al. 1998b). The dominant compound released upon Ru04 

degradation of the Botryococcus fossils was the C14 dicarboxylic fatty acids with 
smaller amounts of C9 to C13 dicarboxylic acids (Fig. 3). This pattern of oxidation 
products is highly characteristic for Botryococcus algaenans (Blokker et al. 2000; 
Schouten et al. 1998b). The C9 to C |4 dicarboxylic fatty acids had stable carbon isotopic 
compositions ranging from -5.2 to -1.2%o(Fig. 4.3). The weight-averaged (513C-value 
of the major oxidation products is -2.1%0 , identical to the bulk 13C value. 

4.4. Discussion 

The isotopic compositions of biomarkers derived from Botryococcus algae 
in the lacustrine sediments (up to +4.5%offor a botryococcene isomer in the sediment 
from 49.8 m) from Funza are, to the best of our knowledge, among the highest d e 
values ever found for non-extraterrestrial natural organic matter. Bulk <5l3C-value (-
2.1%o ) of Botryococcus fossils, composed of pure algaenan, and the <5l3C-values of 
its Ru04 degradation products confirmed the extreme enrichment in l3C of 
Botryococcus organic matter in this interval. The 5l3C-values of the algaenan match 
with the stable carbon isotopic compositions of the botryococcenes, which in this 
interval vary between -l%o and +4.5%o (Fig. 2a; average value +1.6%o). The enrichment 
of the botryococcenes compared to the Botryococcus algaenan is likely due to isotope 
effects during biosynthesis of these compounds. The botryococcenes are predominantly 
biosynthesized from isoprene units, whereas the monomers of the algaenans are 
composed of ra-alkyl chains produced from acetate. Isoprenoid compounds are mostly 
enriched in l3C compared to straight-chain compounds in algae due to different 
biosynthetic routes (Hayes 2000; Schouten et al. 1998b). Indeed, in cultures of 
Botryococcus braunii botryococcenes were 2-6%o enriched in l3C relative to the 
algaenans (Summons et al. 1995). Huang et al. (1999a) reported for a culture of B. 
braunii that botryococcenes were 0.2-1.2%o depleted relative to the total cell material. 
This suggests that the isotopic composition of the Botryococcus algal biomass (i.e., 
including algaenan, sugars and proteins) may have been as enriched as ca. +2%o. 

High 513C-values for Botryococcus biomarkers have been previously reported, 
although not as extreme as in the Funza lake sediments (Huang et al. 1995c; Summons 
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et al. 1995; Grice et al. 1998; Huang et al. 1999a; Fuhrmann et al. 2003). The most 
enriched botryococcene isomer in Funza is almost 10%of enriched relative to the highest 
value reported until now (-5%o; Huang et al. 1995). Interestingly, the most enriched 
8 ,3C-values for Botryococcus biomarkers reported so far are from the sediments of 
another tropical, high-altitude lake, i.e. Sacred Lake on Mt. Kenya (Huang and Murray 
1995; Huang et al. 1995b; Huang et al. 1999b). It was hypothesised by the authors 
that dissolved C02 gradually became depleted and that the pH of the lake increased. 
This would have forced the Botryococcus algae to assimilate bicarbonate leading to 
such relatively high #3C-values. Botryococcus is indeed able to grow under high pH 
conditions (Cepak and Lukavsky, 1994). As the pH increases, the C02/bicarbonate 
equilibrium shifts to higher concentrations of bicarbonate and lower concentrations 
of dissolved CO r Concentrations of dissolvec C02 are determined by the partial 
pressure of atmospheric C02 and the temperature (Henry's Law) and, if the total water 
mass is in equilibrium with the atmosphere, total dissolved inorganic carbon (DIC) 
will increase. This additional C02 may also come from the dissolution of carbonates. 
In stratified lakes and during algal blooms, however, the atmosphere is probably not 
in equilibrium with the lake water and the shift in pH may result in a decreased 
availability of C02. At high pH, it may thus be more profitable for an aquatic 
photosynthetic organism to assimilate bicarbonate, either by active transport into the 
cell or by using external CA. Since bicarbonate is enriched in 13C compared to C02 

(Mook et al. 1973), its assimilation can lead to relatively 13C-enriched organic matter. 
A factor for the extreme 813C values of the botryococcenes may be a change 

in the isotopic composition of DIC in the lake. Highly l3C-enriched DIC values have 
been reported in high altitude lakes from Argentina, with <513C-values reaching up to 
+ 13%o (Valero-Garces et al. 1999). If Botryococcus algae would fix such DIC that 
could indeed lead to the very enriched biomass for Botryococcus measured in the 
49.8 m interval. The extreme enrichment of DIC in the high altitude lakes from 
Argentina was caused by non-equilibrium gas-transfer isotope fractionation during 
C02-degassing from thermal springs and evaporation effects in arid environments. 
Although we cannot exclude this for the Funza palaeo-lake, we have no geological 
evidence to support that this sort of scenario could have played a role on the high 
plain of Bogota. Another process that can lead to very high 8'3CDIC values is 
methanogenesis (Hayes 1993). Methanogenic archaea in the surface sediments of the 
lake will have produced methane using C02 and hydrogen as a substrate. A strong 
fractionation is often observed during methanogenesis (Whiticar et al. 1986), resulting 
in methane that is depleted compared to the substrate, and consequent enrichment of 
the remaining C02, affecting the DIC pool. However, we did not find evidence for a 
dominant methane cycle since bacterial biomarkers strongly depleted in 13C indicating 
methanotrophy were not present. Since the isotopic enrichment of Botryococcus is so 
unusual, it would require that methanogenesis must have been the predominant process 
influencing S'3CDIC.We, therefore, feel that this is not a likely explanation. In both 
cases (thermal springs and methanogenesis) it is also not clear why these processes 
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would be coupled to interglacial/glacial cycles and why they would not have affected 
other primary producers in the lake. 

The elevation of the palaeo lake Funza (at ca. 2550 m), and that of Sacred Lake 
(at 2350 m; Huang et al. 1999b) may have had an influence on the availability of C02 in 
the lake water for Botryococcus algae. At 2500 meters elevation, the total atmospheric 
pressure will be 74.103 N/m2 compared to 101.103 N/m2 at sea level. For an atmospheric 
CO, concentration of 340 ppm, that gives a partial C02 pressure ofpC02 of 34Pa at sea 
level and 26 Pa at 2500 meters elevation. For the last glacial maximum the C02 

concentration is estimated to be only ca. 200 ppm (Petit et al. 1999). Such a low 
concentration will result in a/?C02 at 2500 m of only 14Pa. The amount of CO, that 
dissolved in water according to Henry's Law at 34Pa/?C02 and temperature of 15°C (i.e. 
the present-day temperature) is 1.6*105M in contrast to 6.3*106M at 2500 meters 
under a glacial low pC02 of 14Pa. If we assume that the temperature of the lake in 
glacials would have been substantially colder, part of this effect may have been counter
balanced by the increase in solubility of C02 at colder temperatures. In the extreme 
case of 10°C cooling of the lake waters, Henry's Law at 14Pa pC02 gives a glacial 
dissolved C02 concentration of 8.9*106M. Hence, the effect of temperature will not 
counterbalance the decrease in pCO,. On average this means that the LGM atmosphere 
caused the dissolved C02 pool to be reduced by roughly 50% and this applies to every 
high altitude lake during the LGM and, thus, may (partially) explain the very high 813C 
values of the botryococcenes from these lakes. However, it remains enigmatic why a 
similar enrichment for other algal biomarkers has not been reported. 

Our results in combination with literature data suggest that there must be a 
common biological/environmental mechanism for the high 513C-values of 
Botryococcus-derived biomarkers in tropical, high-altitude lakes. What makes these 
sites different compared to other settings is that there is little or no variation in the 
seasonal temperature due to the tropical climate. In addition, the two mountain lakes 
may suffer from additional C02 limitation, as a result from the lower, by altitude, 
reduced pCOr However, Sacred Lake at Mt. Kenya is still very different from the 
palaeo-lake from the high plain of Bogota. It is a very small shallow crater lake and 
its DIC pool is likely to receive a more substantial contribution from isotopically 
depleted terrestrial organic carbon, than the much larger lake Funza. The latter could 
have reached isotopic equilibrium with the atmosphere much easier and thus, Funza 
could have had higher 6I3CD|C values in general. Perhaps this can explain the generally 
more depleted 813C values of botryococcenes in the sediments from Sacred Lake. A 
possible key is the timing of the substantial isotopic enrichment of Botryococcus. The 
enriched Botryococcus material from Funza, Mt Kenya and Southern China, only 
occurs in specific intervals, predominantly during glacial periods when global pC02 

was reduced (Petit et al. 1999). This suggests (see above) that atmospheric pC02 is 
the main driving force behind these phenomena. There is, however, another intriguing 
observation. If we consider the fact that the hydrocarbon concentration can vary from 
70% in the brown resting stage of Botryococcus to about 20% in the green exponential 
form (Knights et al. 1970), we have found an explanation for the limited occurrence of 
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the botryococcenes in the record of Lake Funza (Fig. 1 c) despite the very general 
occurrence of Botryococcus macrofossils (Fig. la). This brown resting stage is often 
formed at the end of massive blooms. Botryococcenes are produced to gain buoyancy 
in the struggle for light and DIC in these massive blooms (Knights et al. 1970). This 
indicates that the presence of botryococcenes reflect specific floating blooming events 
and may explain why all botryococcenes, when present, are so enriched in 13C. They 
were produced during massive Botryococcus blooms, at times when DIC was getting 
severely limited resulting in a closed system effect. These massive blooms could also 
have caused an increase in Botryococcus organic material deposition, which may 
have resulted in enhanced anoxia in the water column of bottom waters. This will 
enhance preservation of botryococcenes relative to the less oxygen-sensitive 
Botryococcus cell walls. This is in contrasast to more oxic condition, that may prevail 
in the absence of such massive blooms. Massive growth of Botryococcus algae could 
thus have resulted in a large depletion in the concentration of the dissolved DIC pool. 
Resulting depletion in 13C of DIC is commonly observed during algal blooms, e.g. in 
the Black Sea (Deuser 1970) and the Baltic Sea (Thomas and Schneider 1999). Under 
these conditions, when the DIC pool would be nearly completely used up by the 
algae, carbon isotope fractionation cannot be fully expressed, and in the extreme case 
can be ruled out due to an isotopic closed system effect (i.e. the "Rayleigh distillation" 
effect where the DIC pool left behind is extremely enriched in l3C and the algae 
would get an isotopic signature similar to that of the initial DIC pool). This effect 
alone may explain the extreme isotope values of botryococcenes that we have observed. 
The formation of a "lipid oil film" and a floating layer of botryococcene-rich 
Botryococcus algae on top of the water (Knights et al. 1970) could have further 
restricted solution of CO, into the water, enhancing the closed system effect. 

Botryococcenes in this lacustrine record, thus, do not just indicate the presence 
of Botryococcus algae, but indicate "super blooms" for these algae and, therefore, the 
occurrence of botryoccoccenes coincides with the extreme isotope enrichment of 
Botryococcus. The combination of tropical climate, high elevation and low atmospheric 
pC02, has caused that these events resulted in an exceptional enrichment in 13C of 
both botryococcene (up to +4.5%o) and algaenan (-2.1%o). 
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CHAPTER 5 

/7-Coumaric acid-based sporopollenin of Isoëtes 

killipii megaspores. 

The megaspores oïIsoëtes killipii C. Morton, contain a highly resistant bio-polymeric 
material often referred to as sporopollenin. Extraction and hydrolysis of the dried 
megaspores yielded a residue of high chemical purity, which was used for chemical 
analysis using a series of complementary techniques: DT-MS, pyrolysis-GC/MS, 
TMAH/pyrolysis-GC/MS and FTIR. The data revealed that the resistant biopolymer 
in the walls of the megaspores was predominantly constructed from /?-coumaric acid 
building blocks closely resembling lignin. Additional evidence was obtained by 
analysis of the ester-bound lipids removed upon basic hydrolysis of the megaspore 
walls. Comparison of these results with those obtained from a synthetic p-coumaric 
acid-based dehydrogenation polymer (DHP) indicates that the natural and model (DHP) 
polymers closely match. Although this is not the first time that /7-coumaric acid is 
shown to be a structural unit of sporopollenin, this is the first example of sporopollenin 
that seems to be for a major part made of p-coumaric acid. Our results show that the 
combination of different analytical techniques is of great use in structure elucidation 
of the wide variety of biopolymers that fall under the term sporopollenin. 
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5.1. Introduction 

The structure of sporopollenin has been debated for a long period of time (e.g. 
Brooks et al. 1971; Kawase et al. 1995; Dominguez etal. 1999 and references therein). 
A wide variety of materials have been analysed over the years and probably even a 
wider variety of polymeric structures have been proposed. Due to the improvement 
of different analytical techniques and new insights in the field of plant biopolymers 
(Wiermann and Gubatz 1992), it is becoming increasingly clear that sporopollenin is 
probably an umbrella-term for a wide variety of highly resistant biopolymers. Largeau 
and de Leeuw (1993) published the first critical review on sporopollenin and propose 
to restrict this term to only the macromolecular component of the outer walls of pollen 
and spores of vascular plants. These polymers have the tendency to preserve in ancient 
sediments and soils, because of their resistance to biodegradation and therefore they 
are also interesting from a geochemical point of view. The physiological function of 
the sporopollenin is likely to be related to its highly resistant nature and could serve 
to protect the endospore to a variety of environmental and chemical hazards. 

Plants of the genus Isoëtes (Isoetaceae) are omnipresent and are commonly found 
in aquatic or semi-aquatic environments (Mauseth 1998). They produce large quantities 
of male micro and female megaspores which easily end up in surface sediments, 
where they need protection against many degradation processes in order to survive. 
The sporangia with the megaspores often end up in the sediment itself, so that the 
macrospores are sometimes present in massive numbers in sediments deposited at 
times when Isoëtes was abundant. Quaternary high Andean lacustrine sediments often 
contain these fossil Isoëtes spores and are sometimes even composed of such a high 
amount of fossil megaspores that it forms a clearly visible deposit (Cleef 1981). In 
Quaternary palynological studies of Andean lacustrine sediments, Isoëtes spores are 
used as indicators of variations in lake levels (Hooghiemstra 1984). However it is 
unknown whether Isoëtes spores always survive the sedimentation process and 
subsequent diagenesis with intact morphology. Because of their large dimension (our 
spores measured approximately 0.7 mm in diameter) the megaspores are highly 
susceptible to mechanical stress in the sediments, which may change or even destroy 
the morphology of these spores. When no visible evidence exists for the presence of 
these spores, their resistant sporopollenin might however still be preserved. 

The ultra structure and the location of the sporopollenin layer of Isoëtes 
megaspores have been described by Taylor (1993), as a layer of an electron translucent 
material interwoven with the siliceous outer layer and polysaccharide inner wall. The 
chemical nature of the electron translucent sporopollenin layer remained undefined. 
The chemical composition of sporopollenin from fossil and extant megaspores of 
Azolla and Salvinia has been reported by van Bergen (1993 and 1995) and a dominating 
p-vinyl phenol component in the pyrolysates was attributed to the pyrolysis product 
of/?-coumaric acid. A similar observation was made by Wehling et al. (1989) who 
reported the dominant presence of p-\\ny\ phenol amongst the direct temperature-
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resolved pyrolysis products of purified Pinus sporopollenin. They also ascribed this 
pyrolysis product to a p-coumaric acid based biopolymer. 

In this paper, we report the chemical structure of the resistant biopolymer present 
in the walls of Isoëtes megaspores in order to facilitate a chemical investigation of the 
presence of megaspore remains in ancient sediments. Furthermore, the elucidation of 
the chemical structure of this sporopollenin contributes to the knowledge of these 
resistant plant materials. We present the GC/MS, Py-GC/MS, DT-MS and on-line 
methylation with TMAH Py-GC/MS data. We propose that the sporopollenin from 
the megaspores of the aquatic Isoëtes killipii consists of a major part of a p-coumaric 
acid based polymer. The large dimensions of the megaspores enabled purification of 
the sporopollenin to a high degree of purity that has not been accomplished before. 

5.2. Materials and methods 

5.2.1. Plant material. 
Submerged plants of Isoëtes killipii were sampled from a lake at 3090 m altitude 

in the Paramo de Mirador in the Central Cordillera of Colombia (near Medellin) in 
July 1997. 

5.2.2. Megaspore treatment. 
100 mg of megaspores were hand picked from the sporangia, washed subsequently 

in 5 ml water, 5 ml methanol, 5 ml dichloromethane and dried, leaving 60 mg of dry 
material. The spores (ca. 1 mm in diameter) were crushed using a small mortar and 
the fragments were washed with water and then transferred to 5 ml methanol and 
ultrasonically pulverised. The methanol was discarded after centrifuging. This 
extraction was repeated 2 times and afterwards repeated using subsequently 3 times a 
5 ml methanol/dichloromethane (1:1) mixture and 3 times 5 ml dichloromethane. The 
residue was refluxed in 5 ml trifluoro acetic acid (2 M) for 2 h and subsequently 
washed with water until the aqueous phase turned neutral and washed with 5 ml 
methanol (3x), dried and transferred into 5 ml sulphuric acid (12 M) and allowed to 
stir for 2 h. The residue was subsequently washed with water, methanol and 
dichloromethane and dried. Then the residue was refluxed in 5 ml sulphuric acid (2 
M), after 1 h the residue was rinsed with water until the aqueous phase turned neutral 
and washed with 5 ml of methanol (3x), leaving 50 mg of material. 

Finally, the residue was saponified for 2 h in a refluxing methanolic solution of 
KOH (2M, 4% H20). Then the residue was extracted with 5 ml methanol (2x), 5 ml 
methanol/dichloromethane (1:1, 2x), 5ml dichloromethane (2x), leaving 30 mg of 
final residue, which was used for the sporopollenin analyses. The combined solvent 
fractions obtained after saponification were transferred to a separately funnel and 20 
ml of water was added and adjusted to pH 3 using HC1 (2 M). The aqueous phase was 
extracted with 10 ml of dichloromethane (2x). The combined organic layers were 
dried over Na2S04 and the solvents were removed in vacuo. The compounds were 
derivatised with diazomethane and BSTFA. 
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5.2.3. Dehydrogenation Polymer (DHP) synthesis. 
400 mg of/7-coumaric acid were dissolved in 10 ml of acetone and transferred to 

100 ml acetic acid buffer solution (pH 5.7,0.2 M), containing 0.3 % H202. An aliquot 
of 5 mg of horseradish peroxidase (Sigma, type II) was stepwise added. After 24 h 
yellow DHP aggregations were removed from the reaction medium. The aggregates 
were washed with demineralised water and ethanol to remove free p-coumaric acid. 
(Yield 5 mg.) 

5.2.4. Gas chromatography-mass spectrometry (GC/MS). 
GC/MS was performed using a Hewlett Packard 5890 Series II gas chromatograph 

coupled to a VG Autospec Ultima mass spectrometer operated at 70eV with a mass 
range m/z of 800-50 and a cycle time of 1.6 s. The GC was equipped with a fused 
silica capillary column (25 m x 0.32 mm) coated with CP-Sil 5 (film thickness 0.12 
um). Carrier gas was Helium. On column injection was used. All identified compounds 
are given in table 5.1 at the end of this chapter. 

5.2.5. Curie-point pyrolysis-gas chromatography mass-spectrometry (Py-GC/MS). 
Py-GC/MS was performed using a Hewlett Packard 5890 Series II gas 

chromatograph with a FOM-3LX pyrolysis unit, interfaced to a VG Autospec Ultima 
mass spectrometer operating at 70eV, resolution 1000 with a mass range m/z of 800-
50 and a cycle time of 1.6 s. A small amount of the sample was applied to a 
ferromagnetic wire with a Curie-point temperature of 610°. The GC was equipped 
with a fused silica capillary column (25 m x 0.32 mm) coated with CP-Sil 5 (film 
thickness 0.40 u.m). Helium was used as a carrier gas. 

5.2.6. Direct Temperature-resolved mass-spectrometry (DT/MS). 
DT/MS experiments were performed with a JEOL DX-303 double focusing mass 

spectrometer (E/B mode) operating at 16 eV, resolution 1000 with a mass range m/z 
of 1000-20 and with a cycle time of 1 s. An aliquot of sporopollenin suspension in 
water was applied to a Pt/Rh wire (0.1 mm diameter, 10% Rh) and dried in vacuo. 
After insertion of the probe into the ion source, the wire was heated resistively at a 
rate of 16 °C/sec to a final temperature of 800 °C. 

5.2.7. Fourier transform infrared spectroscopy (FT-IR). 
Fourier transform infrared spectroscopy was performed on a Bruker IFS28, 

scanning over a frequency range of 400 to 4000 cm1, with 32 scans and a resolution 
of 2 cm', using KBr tablets containing 2 mg of dry sporopollenin. 
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Figure 5.1: Gas chromatograms of the Curie temperature (610°) flash pyrolysates of, A: purified 
sporopollenin, B: of DHP and C: of pure/7-coumaric acid. 
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5.3. Results and discussion 

The structural analysis of sporopollenin or sporopollenin-like materials is strongly 
hampered by their chemical resistance. It is often impossible to remove structural 
elements from these biopolymers by means of hydrolysis. In contrast, flash pyrolysis 
techniques can be regarded as an excellent alternative tool to obtain structural 
information on polymeric structures by thermally cleaving the biopolymer into 
fragments amenable to gas chromatography/mass spectrometry (py-GC/MS) (Larter 
and Horsfield 1993), or direct thermally resolved mass spectrometry (DT/MS). 

Our sporopollenin has been isolated and purified using simple but efficient steps. 
A crucial point in every sample cleanup is to remove as much of the unwanted material 
as possible, in our case the components of endospore and all components loosely 
associated with the exospore. Therefore we started off with a mechanical treatment. 
The relatively large spores are easily crushed and hence the internal spore components 
are removed easily by extraction. This reduces the possibility of mixing the 
sporopollenin signal with the chemical component of the spore's interior. Next the 
spore walls are broken down by acid hydrolysis (starting mild and ending with 
concentrated acid) and basic saponification. The material that is left after this treatment 
is a non hydrolysable saponifiable biopolymer. Following the definition of Largeau 
and de Leeuw (1993) this is sporopollenin. 

5.3.1. Py-GC/MS 

Py-GC/MS enables the separation of fragments formed upon pyrolysis, thus 
revealing structural elements of the polymer. The flash pyrolysates of the purified 
megaspore walls contains jc-vinyl phenol (8) as the most abundant component (Fig. 
5.1 A). p-Viny\ phenol is regarded to be a pyrolysis product derived from 
decarboxylation ofp-coumaric acid moieties during pyrolysis (Wehling et al. 1993). 
Indeed, when pure p-coumaric acid is pyrolysed under the same conditions, p-vinyl 
phenol is generated as the major pyrolysis product (not shown). This is confirmed by 
DT/MS results of Boon et al. (1982) and Mulder et al. (1992). Thus, flash pyrolysis 
provides circumstantial evidence that the purified sporopollenin is composed of 
polymerised /?-coumaric acid. However, due to the loss of important structural 
information, like the loss of carboxylic groups upon pyrolysis, detailed information 
on bonding sites and types within the polymer are difficult to deduce. The presence of 
benzaldehyde (3) and acetophenone (5) may point towards an ether linkage at the a 
position (a being the carbon next to the aromatic ring). 3-Methoxy-4-vinylphenol (9) 
is the decarboxylation product of 4-hydroxy-3-methoxycinnamic acid (ferulic acid) 
formed upon pyrolysis. This pyrolysis product indicates the presence of small amounts 
of ferulic acid monomeric units within the polymeric structure. 
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Figure 5.2: Gas chromatograms of the Curie temperature (610°) flash pyrolysates of, A: 
purified sporopollenin treated with TMAH, B: DHP treated with TMAH. 

5.3.2. Py(TMAH)-GC/MS 

To obtain more structural information an on-line methylating reagent was used 
during pyrolysis (Challinor 1989). This technique gives additional information to 
normal py-GC/MS. For example, carboxylic acids are detected as the corresponding 
methyl ester derivatives, whereas they may be decarboxylated under conventional 
conditions. Figure 5.2 A shows the pyrolysate of the purified sporopollenin, however, 
this time treated with TMAH before pyrolysis. The resulting online methylation yields 
methylatedp-coumaric acid (20) and, further decarboxylation top-vinyl phenol does 
not occur (de Leeuw and Baas 1993). A small amount of methylated ferulic acid (21) 
and its derivative 1,2-dimethoxy-benzaldehyde (19) is also detected. TMAH treatment 
of pure jD-coumaric acid supports this observation (Fig. 5.2C) and is consistent with 
the findings of Mulder (1992). The data confirm that/?-vinyl phenol present in the 
'conventional' flash pyrolysate (Fig.5.1A) is generated from p-coumaric acid units 
present within the polymer. 
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Figure 5.3A: DT/MS of untreated crushed megaspores with mass spectrum of scans 
56 towards 67 showing mainly triglycerides. B: DT/MS of purified sporopollenin 
showing mass spectrum of scans 49 towards 71 showing m/z 164, 120 and 107 which 
are all associated with the pyrolysis of the p-coumaric acid polymer. 

5.3.3. DT/MS 

Using pyrolysis GC/MS techniques, vital information may be lost if fragments 
are too large or too polar to pass through the capillary column of the gas chromatograph. 
Direct temperature-resolved mass spectrometry (DT/MS) enables the pyrolysis 
fragments to be introduced into the mass spectrometer resulting in the detection of 
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higher molecular weight pyrolysis products. Using this technique we might obtain an 
idea of the purity and uniformity or complexity of the sample. Because the sample is 
heated over a period of time, the total ion current (TIC) represents a temperature 
resolved disintegration of the polymeric matter and thermal extraction of extractable 
organic matter. 

Figure 5.3A shows the DT/MS data of untreated crushed megaspores. The 
complexity of the sample is clear from the fact that the total ion current (TIC) shows 
3 peaks plus a very broad signal. The MS summed spectra of the largest peak around 
scan 60 shows a mixture probably dominated by triglycerides of C)6 and C |8 fatty 
acids (of which the most important peaks are m/z 880, 854, 603, 576, 262 and 256). 
Figure 5.3B shows the DT/MS TIC of the purified sporopollenin. A single peak 
dominates around scan 60, indicating that the sample is homogenous in nature. The 
summed mass spectra show a strong m/z 164 and 120, which is the base peak ofp-
coumaric acid and/?-vinyl phenol, its decarboxylated pyrolysis product respectively. 
Dimeric and trimeric structures of p-coumaric acid are not present in the pyrolysate. 
The triglycerides peaks are barely visible. This illustrates the necessity of a good 
sample cleanup, since p-coumaric acid is completely obscured in the pyrolysate of 
the pure megaspore, at the same time it illustrates that the triglycerides and fatty acids 
are not incorporated in the polymeric structure, since their abundance are significantly 
reduced upon cleanup. 

These findings fit with DT/MS measurements from the bladders oiPinus pollen 
by Wehling et al. (1986), suggesting that sporopollenin from Pinus pollen bladders is 
essentially the same as Isoëtes killipii megaspore sporopollenin. 

5.3.4. FT-IR 

There is always doubt whether a pyrolysate actually reflects the bulk of the organic 
matter or not. FT-IR spectra of natural polymers are often difficult to interpret, but in 
this case FT-IR was used as an independent tool to check our pyrolytic data on the 
polymer. The spectrum of the purified sporopollenin shows a broad absorption at 
3422 cm"1 (v O-H) indicating the presence of hydrogen bound OH groups. Medium 
absorptions at 2925 (v . C-H) and 2860 cm1 (v , C-H) reveal characteristic 

r V assymetnc ' v symetnc ' 

bands of the methylene group originating from the a and (3 position. A broad absorption 
at 1097 (including v C-0 and in plane 8 C-H), at 781 (8 out of plane C-H) and 450 
cm' (8 aromatic C=C) indicate the aromatic bands, the in plane C-H and out of plane 
C-H bending and the C-C bending clearly stand out from the rest, pointing to a major 
aromatic structural unit. These FTIR data are additional evidence that the pyrolysis 
data indeed representative of the sporopollenin as a whole. 

5.3.5. Ester-bound material 

To further investigate the macromolecular structure of the sporopollenin, ester 
bound material released during base hydrolysis of the sample cleanup was analysed 
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using GC/MS. The major compound released wasp-coumaric acid (both cis and trans 
isomers). Hexadecanoic acid and octadecenoic acid, were the other major compounds 
released. Several minor components were detected, including 4-hydroxy-
benzaldehyde, tetradecanoic acid, pentadecanoic acid, hexadecenoic acid, octadecanoic 
acid and octadecadienoic acid. All these components have been ester bonded to the 
sporopollenin. The purified sample (the resistant polymer) is completely devoid of 
these fatty acids. The releasedp-coumaric acid in this case is not C-O-C (ether) bound 
but could probably represent un-polymerised monomers of the sporopollenin which 
are ester bonded to available free carboxylic or hydroxy groups. Since only monomers 
and no dimers or trimers are found, it is likely that the polymeric structure of the 
sporopollenin does not include ester bonds and that the components identified after 
saponification represent only ester bound end members at the biopolymer. 

5.3.6. Comparison with artificial dehydogenation polymer of p-coumaric acid 

All data of the purified sample are consistent with a biopolymer composed entirely 
of p-coumaric acid units. To further support this finding, we prepared an artificial 
poly-(p-coumaric acid) by polymerization of/7-coumaric acid with peroxidase enzyme 
in an aqueous solution to form a dehydrogenation polymer, DHP, (van der Hage 1995; 
Hatcher and Minard 1996). Upon treatment with peroxidase enzyme and hydrogen 
peroxide, the /^-hydroxy group ofp-coumaric acid is dehydrogenated yielding a free 
radical. Although the yield was low, fluffy yellowish aggregations were obtained. 
This material was submitted to the same chemical treatments as the sporopollenin 
and the final residue was analyzed using the py-GC/MS and TMAH techniques. 

It was not possible to saponify the DHP, which indicates that it doesn't contain 
esterified units ofp-coumaric acids. The pyrolysates of the DHP (Fig. 5. IB and 2B) 
show the same components as that of the sporopollenin. Compounds 1, 2, 4, 6, 7 and 
8 are present in both the pyrolysate of the actual sporopollenin sample and the DHP, 
suggesting that these are the pyrolysis products of p-O-4 linkedp-coumaric acid units. 
The TMAH treated samples support this observation. The benzaldehydes that are 
lacking in the pyrolisate of the DHP, may be a result of the complete lack of a-O-4 
links in the DHP, or at least suggest another bond type on the a position. Although it 
doesn't seem to have a-O-4 bonds in contrast to the sporopollenin, it produces such 
similarities that the DHP must have a structure very closely resembling that of the 
sporopollenin. 

5.4. Conclusions 

The data shows that a pure sporopollenin from Isoëtes killipii C. Morton 
megaspores was obtained and, consisting of more or less exclusively of /?-coumaric 
acid moieties cross linked through a-O-4 and/or P-O-4 linkages. Next to /?-coumaric 
acid a trace amount of ferulic acid moieties are incorporated in the polymeric structure. 
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Van Bergen et al. (1993) have shown that p-coumaric acid was an important 
building block of the sporopollenin in Azolla and Salvinia micro and macrospores, 
while Wehling et al. (1993) showed that p-coumaric acid was a principal component 
of the bladders of Pinus pollen grains. We have shown here that sporopollenin from 
the macrospores of the heterosporous vascular cryptogam Isoëtes is essentially the 
same as the sporopollenin from the pollen grains of the gymnosperm Pinus. 
Sporopollenin from the angiosperm Corylus avellana was also shown to contain high 
amounts ofp-coumaric acid (Herminghaus et al. 1988). This demonstrates that/>-
coumaric acid must be an important structural unit of sporopollenin and that the spores 
of cryptogams have the same sporopollenin component as the pollen grains from 
spermatophytes. However, the term sporopollenin is also erroneously used to refer to 

Table 5.1 Identified pyrolysis products 

IDnr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

22 

Compound name 

Toluene 
Styrene 
Benzaldehyde 

Phenol 
Acetophenone 
4-Methyl-phenol 
4-Ethyl-phenol 
4-Vinyl-phenol 
2-Methoxy-4-vinyl-phenol 
4-(3 -methoxy-phenyl)-propenal 
4-(3-methoxy-phenyl)-prop-2-en-1 -ol 
Methoxy-b enzene 
1 -Methoxy-4-methyl-benzene 

3-Methyl-benzaldehyde 
4-Methyl-benzaldehyde 
Benzoic acid methyl ester 
Ethyl-4- methoxy-b enzene 
Vinyl-4-methoxy-benzene 
4-Methoxy-benzaldehyde 
3,4-dimethoxy-benzaldehyde 
3-(4-methoxy-phenyl)-acrylic acid methyl 
ester 
3-(3,4-dimethoxy-phenyl)- )-acrylic acid 
methyl ester 

Molecular 
formula 

C7H8 

C8H8 

C7H60 
C6H60 
C8H80 
C7H80 
CgHioO 
C8H80 

C9H10O2 

C9H802 

C9Hio02 

C7H80 
C8Hl0O 
C8H80 
C8H80 

C8H802 

C9H120 
C9H,0O 
C8H802 

C9H10O3 

CnH1203 

C|2H1404 

Mw 

92 
104 
106 
94 
120 
108 
122 
120 
150 
148 
150 
108 
122 
120 
120 
136 
136 
134 

136 
166 
192 

222 

Base 
peak 

91 
104 
77 
94 
105 
107 
107 
120 
150 
107 
107 
108 
122 
119 
119 
105 
121 
134 
135 
166 

161 

222 
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biopolymers found in certain algae, fungi and resting stages of various micro
organisms, the p-coumaric acid polymer described here clearly differs from these 
(Largeau and de Leeuw 1993; Blokker et al. 1999; Winkle-Swift 1998) and thus 
belongs to a different compound class. Sporopollenin of Isoëtes killipii used here is a 
non hydrolysable, non saponifiable component of the spore wall, which consists ofp-
coumaric acid units. 
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CHAPTER 6 

Cutan, a common aliphatic biopolymer in cuticles 
of drought-adapted plants. 

A. Boom, J.S. Sinninge Damsté, J.W. de Leeuw. 

Organic geochemistry (accepted) 

The aliphatic biopolymer cutan, previously only known from Agave americana and 
Clivia miniata, was isolated in high purity from the leaf cuticles of several drought-
adapted plants. These plants have succulent leaves with thick cuticles, and all but one 
are CAM plants. Following a chemical workup procedure, the cutan biopolymer has 
been identified using pyrolysis-GC/MS. These findings shed new light on the function 
of this biopolymer, in particular the occurrence of this in drought-adapted plants. In 
addition, a possible explanation arises for an outstanding debate on the origin of 
aliphatic biopolymers in certain fossil leaves and fossil terrestrial plant deposits. We 
propose that the presence of cutan in the fossil record, may relate to a high contribution 
of drought-adapted plants, such as CAM plants. 
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6.1. Introduction 

Higher plants biosynthesise plant-specific, resistant biopolymers. Lignin, suberin 
and cutin are well known examples. Lignin is especially prevalent in woody tissues, 
while suberin is a lignin-like cell wall constituent that serves to make the cell wall 
water and air tight. It is present in root tissue and it is also the main constituent of cork 
tissue (Kolattukudy, 1980). Cutin is a polyester present in the cuticles of plant leaves 
and fruits consisting mainly of C|6-Clg hydroxy-fatty acid moieties, and protects against 
microbial attack and serves to make plant leaves water and air tight (Kolattukudy, 
1976). 

Investigations of the chemical composition of plant cuticles resulted in the 
discovery of a new biopolymer, cutan, which is highly aliphatic and resistant to 
degradation (Nip et ah, 1986; Nip et al., 1986; Tegelaar et al., 1989). The function 
and structure of this biopolymer is still poorly understood. Upon flash pyrolysis, this 
biopolymer yields a highly characteristic series of long-chain «-alkenes and «-alkanes. 
Cutan has so far only been positively identified in two plant species, Agave americana 
and Clivia miniata. Tegelaar et al. (1989) proposed a tentative structure of cutan 
based upon the results from flash pyrolysis, FT-IR and 13C NMR spectroscopic 
techniques: a polysaccharide-like structure, with ether-bound long aliphatic side chains. 
The importance of non-ester bonds in cuticles of Clivia sp. was already recognized 
by Schmidt and Schönherr (1982). Data published by de Leeuw et al. (1991) indicated 
that the polysaccharides cannot be a part of the macromolecular structure. Also, 
McKinney et al. (1996) found no evidence for polysaccharide units in cutan, neither 
by pyrolysis nor by l3C NMR studies. In addition, tetramethylammonium hydroxide 
thermochemolysis released exclusively fatty acid and aromatic fragments. Based on 
these results, the authors proposed a different structure, in which aromatics moieties 
are part of the biopolymer. However, these authors and recently Villena et al. (1999) 
also showed that the aromatic moieties can be removed completely upon purification. 

Flash pyrolysates of fossil leaf cuticles often show similar distribution patterns 
of n-alkanes and n-alkenes as pyrolysates of cutan do (Nip et al., 1986), suggesting 
that cutan is an important chemical component of these fossil leaves. Ancient terrestrial 
organic deposits often contain a large contribution of aliphatic signal upon pyrolysis, 
e.g. coal (Kralert et al., 1995). However, questions arise on the origin of these cutan-
like signals in sediments. The fossil record of cutan-containing plants like Agave 
americana and Clivia miniata does not exist and these two plants alone can, therefore, 
not explain the widespread occurrence of cutan in the fossil record (Mösle et al., 
1998). In addition, the physiological function of cutan remains unknown. 

In this paper, we present several new examples of plant cuticles that do contain 
cutan. These plants were selected based on their adaptation to drought. We, therefore, 
assume that cutan has a physiological function as an effective water resistant and 
airtight layer. This puts the list of cutan-containing plants in an entirely new perspective 
that may have an impact on our interpretation of the cutan fossil record. 
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6.2. Materials and Methods 

6.2.1. Plant material 
Leaves of Podocarpus sp. were sampled from a garden in Chia (Colombia) and 

dried. Leaves of Clusia multiflora were collected in the Paramo de la Rusia in Boyaca, 
(Colombia) and sun dried. Leaves of Clusia rosea were obtained from a greenhouse-
cultivated specimen. Sun dried cuticles of exotic Agave americana were sampled in 
Greece. Leaves of Cereus sp. were sampled from NIOZ houseplants. Leaves of an 
unidentified epiphytic orchid, which had been cultivated in a greenhouse, were sampled 
and kept in the refrigerator for a few days prior to treatment. Control plants were 
sampled: a grass species, Clethra sp., an ericaceous species and Myrsine guyanense. 
The control plants were all sampled in the field in Colombia. 

6.2.2. Cuticle isolation 
About 2 to 3 leaves were used from each plant species studied; only one large 

leaf was used from the Orchid and Cereus. The cuticles from Agave were collected 
from a large number of leaves. The leaves from the Orchid and the exceptionally 
succulent Cereus were not dried; instead, their cuticles were removed using a scalpel, 
and remaining leaf tissue was scraped off. The dried leaves of the other samples and 
the manually cleaned cuticles were added to a solution of oxalic acid and ammonium 
oxalate. The mixture was heated until boiling point and stirred for 24 h (Tegelaar et 
al., 1989). The soaked leaves were taken out of the solution and rinsed with water. By 
means of a sharp scalpel and tweezers, the cuticles were separated from the leaves. 
The cuticles were spread out and the remaining tissues were manually removed with 
the scalpel until a visually clean transparent cuticle remained. The dry weight of the 
cuticle samples was about 1 to 2 grams. The control plants yielded substantially less 
(<1 gram). 

6.2.3. Cutan isolation 
The dried cuticles were extracted with dichloromethane (DCM) and methanol. 

The extract was discarded. Hydrolysable material was removed by mild acid hydrolysis. 
The cuticles were transferred into a 5 ml trifluoroacetic acid solution (2 M) and refluxed 
for 2 h. They were subsequently washed with water until the aqueous phase turned 
neutral and with 5 ml methanol (3x), and then dried. A more aggressive acid hydrolysis 
was applied to remove all remaining hydrolysable material. To this end the dried 
residue was transferred into 5 ml sulphuric acid (12 M) and was stirred for 2 h at 
room temperature. The residue was subsequently washed with water, methanol and 
DCM and dried. This residue was refluxed in 5 ml sulphuric acid (2 M) for 1 h. The 
residue was rinsed with water until the aqueous phase turned neutral and 
subsequentially washed with 5 ml of methanol (3x), yielding ca. 50 mg of material. 
Ultimately, the residue was saponified for 2 h in a refluxing methanolic solution of 
KOH (2M, 4% H20). Then the residue was extracted with 5 ml methanol (2x), 5 ml 
methanol/DCM (1:1, 2x), 5ml DCM (2x), yielding ca. 30 mg of whitish powder, 
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which was used for cutan analyses. The control plants: grass, Clethra sp., the ericaceous 
plant and Myrsine guyanense leaves did not yield a white residue, but only a trace of 
blackish material. 

6.2.4. Curie-temperaturepyrolysis-gas chromatography mass-spectrometry (Py-GC/ 
MS). 

Py-GC/MS was performed using a Hewlett Packard 5890 Series II gas 
chromatograph with a FOM-3LX pyrolysis unit, interfaced to a VG Autospec Ultima 
mass spectrometer operating at 70eV, resolution 1000 with a mass range of m/z 800-
50 and a cycle time of 1.8 s. A small amount of the sample was applied to a 
ferromagnetic wire with a Curie-temperature of 610°C. The GC was equipped with a 
fused silica capillary column (25 m x 0.32 mm) coated with CP-Sil 5 (film thickness 
0.40? im), with helium as a carrier gas. 

6.3. Results 

We have performed a sequential hydrolysis method, adapted from Blokker et al. 
(1999) and Tegelaar (1989), to facilitate separation of the non-hydrolysable part of 
the cuticle from the hydrolysable part (e.g. cutin). If instead a harsh treatment such as 
refluxing sulphuric acid would have been applied, the procedure might have produced 
artefacts, because of the large amount of compounds being released at once. By 
stepwise increasing the hydrolysis potential we aimed to minimise the formation of 
artefacts and isolate a pure non-hydrolysable residue. All plant specimens except the 
control set yielded a whitish powder residue at the final stage of the procedure in 
good yield (between 1 and 3% of the isolated cuticle dry weight). 

Additional electron microscopy on the Clusia multiflora and Agave americana 
residues revealed that some particles with cell wall structures remained intact (not 
shown). The majority of the material was, however, entirely amorphous. These 
remaining fragments showing cell structure indicate that the residue is not completely 
purified, and that other cell wall constituents might still be present albeit in relatively 
small amounts. Thus, we may expect traces of other components (e.g. cellulose) in 
our isolated cutan fractions, but it only will be a very small proportion of the total. 

Py-GC/MS enables the identification of fragments formed upon pyrolysis, thus 
revealing structural elements of the biopolymer. The flash pyrolysates of the residues 
from the investigated plants show a very strong aliphatic nature (Figures 1 and 2) and 
are lacking any traces of cutin-derived monomers (typically C|6 and C,8 fatty acids, 
Kolattukudy, 1976) indicating that our work-up procedure completely removed the 
ester-bound cutin monomers. The flash pyrolysates are dominated by C7 to C33 n-
alkenes and «-alkanes. 

There is a slight odd-over-even carbon number predominance of the long-chain 
n-alkanes, indicating that there may be free alkanes present, which are being extracted 
thermally. The cutan fractions from Clusia and Agave Americana were tested for the 
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Figure 6.1. Gas chromatograms from the flash pyrolysates of the Clusia rosea, Agave americana 
and Podocarpus sp. residues (closed diamonds refer to «-alkene/alkane doublets and open 
circles refer to methyl ketones). 

107 



Epiphytic orchid 

^j l^JiJt j^ Xh X w 

Clusia multiflora 

LLLI^JLJI^-LJLJJL iiiiiii ULAJ»A^1J___ 

Cereus sp. 

Aromatic compounds 

XLJUÜÜJU^ 

Relative retention time 

Figure 6.2. Gas chromatograms from the flash pyrolysates of the epiphytic orchid, Clusia 
multiflora and Cereus sp. residues, (closed diamonds refer to «-alkene/alkane doublets and 
open circles refer to methyl ketones). 
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presence of free «-alkanes by subjecting them to a subsequent extraction with DCM. 
The pyrolysates of the re-extracted cutan fractions showed the same «-alkane / n-
alkene distributions. In addition, the extracts did not contain any «-alkanes. We, 
therefore, conclude that the observed odd-over-even predominance is indeed a feature 
of the flash pyrolysates. The Cereus cutan differs most from the others by the presence 
of several aromatic compounds and very high intensities of the C and C33 «-alkanes. 
In this specific case, this probably indicates impurities that are thermally extracted 
during pyrolysis. All other cutans show in principle the same characteristics, but the 
intensities of the individual peaks differ among the pyrolysates of the different plant 
species. 

Mass chromatography of m/z 59 on the flash pyrolysates shows that methyl 
ketones are present from C7 onwards. Long-chain (>C30) methyl-ketones are present 
with a stronger odd-over-even carbon number predominance and their chain lengths 
are in the same order of magnitude as those of the «-alkenes / «-alkanes. There is a 
slightly elevated abundance of the C9 and C10 methyl ketones. 

6.4. Discussion 

The data presented here show that the pyrolysis products from the aliphatic 
biopolymer consist predominantly of long-chain (up to C33) alkenes and alkanes, 
obviously making up the major part of the polymeric structure of cutan. This clearly 
distinguishes these samples from those with only cutin and other biopolymers. The 
isolation method that was applied here was exclusively focussed on removal of solvent 
extractable components, removal of cellulose and cleavage of ester bonds. A polymer 
like cutin, which is predominantly ester-bonded, is entirely removed using this method. 
This method was adapted from the original studies on the discovery of cutan (Nip et 
al., 1986; Nip M., et al., 1986; Tegelaar et al., 1989). For the isolation of cutan, 
Mösle et al. (1997) used strong oxidative conditions (H202/acetic acid at 65°C) to 
extract cutan, while the polymer itself never was described as to be resistant to strong 
oxidation. In fact, other oxidative methods such as ozonolysis (Villena et al., 1999) 
and ruthenium tetroxide treatment (Schouten et al., 1998) completely break down the 
polymeric structure, by cleaving ether-bonds which are present (Schmidt and Schonherr 
1982). Thus, oxidative conditions must be avoided during cutan workup. This may 
also explain why Finch and Freeman (2001) did not find cutan in the CAM plant 
Kalanchoe, by using artificial diagenesis conditions. There is a strong possibility that 
cutan is not as resistant against harsh chemical conditions as is generally assumed 
and therefore will not always survive diagenesis. 

Our study extends the list of plants that biosynthesise cutan considerably. All 
plants that we identified as cutan-containing plants have some degree of adaptation to 
drought. Although not all of them are adapted to arid conditions, each of them 
experiences periods of water shortage, hence they have developed CAM photosynthesis 
or thick water-proof cuticles to cope with the loss of water due to evaporation. The 
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aliphatic biopolymer cutan enhances the hydrophobic nature of these cuticles, 
preventing water from escaping from the leaves. Due to its very strong aliphatic nature 
it will be more effective than cutin. Podocarpus demonstrates that non-CAM plants 
are apparently able to biosynthesise cutan too. Podocarpus is a typical sclerophyll 
that, like CAM plants, has exceptionally thick cuticles. 
The cutan "fingerprint" is often found upon pyrolysis of fossil leaves (Larter 1984; 
Nip et al., 1986; Mösle et al., 1997). However in some cases this aliphatic signal is 
not predominant. This is possibly due to the lack of purification of the fossil samples. 
Cutan has never been extracted and isolated from these fossil leaves and generally it 
is assumed that selective preservation processes have purified the resistant aliphatic 
polymer. Moreover, studies towards cutan in living plants were always focused on 
plants that were strongly represented in the fossil record, and cutan has never been 
found in these plants. This leaves the question whether cutan in the fossil record 
really represents a biopolymer or a geo-polymer. The discovery of these new cutan-
containing plants puts those of the fossil record into a new perspective. With these 
new examples and with the lack of cutan in the control plants it is clear that cutan is 
a true biopolymer and not an artefact resulting from workup. The occurrence of cutan 
in Podocarpus is in full agreement with the finding of cutan in Neogene fossil leaves 
of this plant (Wijninga, 1996), so far the only example of extant vs. fossil cutan. It 
demonstrates that also fossil cutan is in fact a preserved biopolymer and not a geo-
polymer. CAM photosynthesis is probably very ancient, its occurrence is widespread 
throughout the plant kingdom. For example, several primitive Isoëtes species, a fern-
ally that has evolved during the Carboniferous and the epiphytic ferns from the family 
Polypodiaceae all have CAM photosynthesis. This widespread occurrence of these 
CAM plants in the present predicts that we might expect similar plants with likely 
similar cutan biopolymers within the geological record. It is, therefore, not 
unreasonable to assume that the presence of cutan in the fossil record points to plants 
with similar adaptations as described above to drought and or CAM photosynthesis, 
and our examples point to where we have to look for fossil examples of cutan. 

Cutan may be used to study living relatives of plants that are known from the 
fossil record and thus reveal the evolutionary context of cutan and drought-adapted 
plants. Welwitschia, a living fossil, is a desert plant and also a CAM plant. Ephedra is 
also a drought-adapted relict of the past and has succulent-like leaves, its pollen record 
goes back into the Triassic (Benton, 1993). Plants related to Cycas also have thick 
leaves which are exceptionally tough and they also can cope with drought and can be 
traced back into the Carboniferous (Benton, 1993). We predict that these plants too 
will have the cutan biopolymer as a component of the cuticle. As mentioned earlier, 
the conifer Podocarpus represent the only living example of a plant with cutan that is 
well represented in the fossil record yet. Further studies may reveal more examples. It 
will be interesting to look at specific plants such as Clusia, which belongs to a very 
ancient lineage of angiosperm families, closely related to Magnolia, since Late 
Cretaceous fossils of Clusia leaves have been reported (Crepet and Nixon 1998). 
These may be an interesting target for an investigation towards fossil cutan. If such 
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fossils do indeed contain cutan as the living relatives of Clusia do suggest, they would 
offer a unique possibility to study for example the stable isotopic carbon isotopic 
signatures of ancient CAM plants, making cutan a highly potential palaeo-
environmental indicator. 

6.5. Conclusions 

It is demonstrated that the biopolymer cutan is present in the cuticles of five 
plant species not studied before, which have in common that they are adapted to cope 
with severe drought. This indicates that cutan is not a rare plant biopolymer, but that 
it is probably a physiological adaptation to survive drought conditions. Therefore, it 
may only be present in those plants that are specialised in preventing water loss through 
evaporation. Since we also analysed grass, an ericaceous plant, Myrsine guyanense 
and Clethra sp. leaves, which do not have such adaptations and also do not yield a 
cutan residue using the same isolation procedure, we may conclude that cutan is not 
an artefact, but a real biopolymer. With the exception of Podocarpus sp. all the cutans 
found (and the cutan from Clivia from earlier studies) are from plant genera that 
contain CAM species, highly specialised to survive drought conditions. We assume 
that cutan is associated with the thick cuticle that protect these plants from water 
vapour escaping through the leaf, especially during the day, when environmental 
conditions are hot and dry. Plants operating in full CAM photosynthetic mode close 
their stomata during day time that and the presence of the aliphatic polymer cutan in 
these plants hints towards its possible function of water and air tight layer. 

Furthermore we conclude that the cutan present in the geological record derives 
from the preserved biopolymer cutan. We, thus, propose that cutan present in the 
fossil record maybe derived from similar plants. When future research focused on the 
fossil counterparts of these plants confirms these results, then the occurrence of cutan 
could be interpreted as an environmental indicator. 
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Synthesis 
This study has revealed that C4 plant distribution holds important climatic information. 
Previously palaeo-vegetation reconstructions carried out in the Colombian Andes 
focussed primarily on pollen analyses, which is not able to discriminate between C3 

and C4 grass pollen. Therefore vegetation changes between C3 and C4 grasses was 
largely unknown. The introduction of stable carbon isotopes and geochemical 
techniques have made it possible to explore the importance of these C4 plants to the 
Andean palaeoecology. Moreover, it was aimed that this would contribute to an 
improvement of the existing reconstruction. It has resulted into new insights and a 
better understanding óf modern day tropical high elevation vegetation. A mechanism 
was found that could explain the occurrence of C4 grass paramo grasses such as 
Sporobolus lasiophyllus, at an elevation of 3500 meters. Previously this vegetation 
type was well known, but it had not been classified as a C4 grassland. The cyclic 
reductions of atmospheric carbon dioxide concentrations that have been experienced 
during the glacial periods of the Quaternary are thought to have driven these C4 grasses 
to higher elevations. Although this idea had been postulated earlier on for a site from 
Mt. Kenya in Africa, this was the first time that modern day remnants of this process 
had been identified. The use of fossil leaf lipids and compound-specific carbon isotope 
measurements yielded a detailed record of C3/C4 grass abundances. Ecophysiological 
and biogeochemical modelling has been used to transfer these result into a function 
of climatic parameters, from which atmospheric C0 2 concentrations could be 
reconstructed. This was an entirely novel and unique approach. It demonstrates that 
high sites at elevation in the tropics are important for palaeo-climate research, since 
this result could not have been obtained at any other location. Now there is potential 
at these specific sites to reconstruct long records of atmospheric C02 that can surpass 
the time span of famous ice-cores such as Vostok, by millions of years. 
Now that geochemical analysis have shown that C4 plants are of importance for palaeo-
climatic reconstruction, it is envisaged that other fields of palaeo C4 plant research 
will be incorporated in future studies. The analysis of plant derived opaline silica 
bodies (phytoliths) can accompany geochemical analysis and would make a very 
powerful combination allowing detailed reconstruction of the grass ecosystem. There 
is also a strong need to investigate the importance of plants with crassulacean acid 
metabolism (CAM). These plants have always been largely ignored, while in Andean 
ecosystems they are often characteristic elements of vegetation. This thesis has 
attempted to make a start into the recognition of CAM plants into the geochemical 
world. Until today there is no means to identify CAM plant derived organic material 
in the geochemical record. Their isotopic compositions are usually somewhere in 
between that of C3 and C4 plants and therefore their contribution will generally be 
confused with a mixed input of these type of plants. With the novel observation that 
CAM plants have a resistant biopolymer in their cuticle, a chemical marker for CAM 
plants becomes available. Cutan will allow distinguishing, within the geochemical 
record, CAM plant organic matter from that of regular plants. Likewise, the structural 
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analysis of the megaspores of the aquatic CAM plant Isoëtes will allow us to use/?-
coumaric acid as a biomarker for these megaspores. Hence, new possibilities arise to 
study palaeo-distribution and isotopic characteristics of CAM plants. The Isoëtes 
sporopollenin could even be developed into a novel method to measure 8180 of this 
material. Several chemical steps would be required to account for, or to eliminate 
isotopic exchange of the carbonyl group, but once this is done, 8I80 analyses on this 
material will give us the 8I80 of the palaeo water. Until now this has not been possible, 
due to lack of inorganic carbon (which is usually used for this type of analysis) in the 
studied sediments. This could be the most valuable contribution towards the palaeo-
environmental reconstruction after the C02 reconstruction. 
Finally, the use of stable isotopes has provided more insight into the aquatic 
environment of the study area, an aspect that has been largely neglected until now. 
Blooms of Botryococcus algae in the ancient lacustrine environment near Funza have 
resulted in the worlds most "heavy" organic carbon molecules ever found. An isotopic 
closed system effect has caused this material, which is from pure biological origin, to 
be enriched in l3C to a degree that has never been observed in nature before. It is 
expected that these results from the Funza record will be recognised among the stable 
isotope community as the worlds most l3C enriched organic carbon. 
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Summary 

Chapter 1 introduces the main topics of this thesis. A detailed basic introduction to 
C4 and CAM plants with relevance to Colombia in particular has been given here. 
This should be of relevance to anyone interested in Andean vegetation and in 
biogeochemistry of C4 and C3 plants in general. A list with C4 and CAM taxa was 
compiled from literature and is representative for the study area. Theory of stable 
carbon isotope fractionation in plants is discussed and introduced as a tool to identify 
C plant derived organic matter. A list with 813C values of various Andean plant taxa 
is presented. In chapter 2 the theory that lowered atmospheric C02 concentrations 
may have caused low-land tropical C4 grasses to migrate to higher elevations in the 
tropical Andes is introduced. a13C measurements of organic matter from the high 
elevation Funza core support this idea. A discovery was made using modern day high 
elevation vegetation composition. Unusual C4 grass paramo consisting of Sporobolus 
lasiophyllus exist up to elevations of 3500 meter. Other C4 grasses such as Paspalum 
bonplandianum and several Muhlenbergia species fill the same ecological niche. These 
C4 grass ecosystems are unusual since the majority of C4 vegetation is strongly 
associated with warm conditions. It is proposed that these high altitude C4 grasses are 
the remnants of ice age C4 grass vegetation that once flourished on the high plain at 
times of low atmospheric C02 concentrations, and that have survived by adaptation 
to modern day conditions. This offers a mechanism to explain why certain plant taxa 
from the lowland tropics became paramo elements. This mechanism should have 
important implications for palaeoclimate reconstructions. These finding are further 
developed in chapter 3, where compound specific a13C measurements on fossil leaf 
lipids from the Funza core, show that the abundance of C4 plants has changed through 
time. A specific record could be reconstructed that quantifies C3-C4 vegetation change. 
However, the C4 plants appear not to have gained complete dominance during a glacial 
period. Two antagonising driving forces of C4 grass expansion in the Northern Andes, 
appears to have been lowering temperature and lowering atmospheric CO r Using an 
eco-physiological model of C3 versus C4 grass competition, the two forces could be 
separated. From existing palaeo-temperature estimates and C4 plant cover percentages, 
palaeo-atmospheric C02 concentrations have been calculated. The result is surprisingly 
close to data of existing Antarctic ice-records such as the Vostok icecore, thus the 
competition model can explain the variations in C3/C4 plant input, and presenting a 
possible new method to reconstruct palaeo-atmospheric C02 concentrations. 
The aquatic environment is investigated in chapter 4, which reports of the most 13C 
enriched natural organic material ever found on earth. This is an algal biomarker 
extracted from the Funza record. The chapter explores this unusual phenomena and 
tries to use it to put it into a palaeo-environmental setting of the ancient Funza lake. 
The algae Botryococcus, responsible for this unusual l3C enriched material, seems to 
have occupied a unique niche in the aquatic ecosystem. In this tropical high altitude 
lake, its lifestyle resulted in an unusual isotopic closed system effect, reducing 
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fractionation processes to virtually zero. These observations provide some new 
insights into palaeo climate and the palaeo-environmental history of the aquatic 
environment. 
Chapter 5 and 6 deal with a more fundamental aspect of the geochemical investigations 
of the high plain of Bogota. In order to study the palaeo-vegetation history of the area 
it is necessary to investigate in high details certain potential geochemical markers of 
vegetation components. The Funza record contains a lot of microfossils such as higher 
plant pollen and spores. One of the chemical substances that is highly resistant to 
microbial degradation is called sporopollenin, a substance found in pollen and spore 
walls. Some Andean sediments are exceptionally full of mega spore remains of the 
amphibious fern Isoetes, also the Funza sediments. Although not all spores might be 
preserved physically intact, its sporopollenin may be a potential biomarker for this 
particular plant. The sporopollenin of'Isoetes killipii has been thoroughly investigated 
in this study. The major chemical building block of this particular biopolymer 'is p-
coumaric acid. This is one of the few studies where sporopollenin has been isolated in 
this high purity. This information can be used to stable isotopic studies of fossil remains 
of Hsoëtes killipii. Although this was not done at this stage, this will provide extremely 
important information for reconstructions of the aquatic ecosystem. This biopolymer 
in this particular setting may turn out to be extremely useful as a tool to study the 
carbon chemistry of this aquatic CAM plant and to determine 5180 of the palaeo-lake, 
especially since carbonates are not present in many Andean sediments. Chapter 6 
explores another higher plant biopolymer that is highly resistant to degradation. This 
macromolecule was subject to numerous geochemical studies. In this paper several 
entirely new examples of cutan occurrence are being reported. All clearly show the 
importance of these plants in the area of the Northern Andes. This paper has tripled 
the amount of known cutan containing plants, a new possible speculation on the 
function and further occurrence of this biopolymer is presented here. We conclude 
that it is especially the drought adapted plants, such as CAM plants wherein this 
biopolymer is found. Thus the occurrence of cutan in sediments can be further exploited 
and interpreted as palaeo-environmental indicator, further studies towards its 
occurrence in sediments will also be useful to enhance our knowledge on the history 
of such plants, which remains today still largely unknown, due to lack of fossils. 
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Resumen 

El Capitulo 1 introduce los temas principales de esta tesis. Se da una introducción 
basica y detallada a las plantas C4 y CAM con particular relevancia en Colombia. 
Este trabajo debera ser de gran importancia para cualquier persona interesada en el 
estudio de la vegetación Andina y en la biogeoquimica de las plantas C4 y C3 en 
general. Se recopiló una lista con plantas C4 y CAM de la literatura disponible, la cual 
es representativa para el area en estudio. Se discute la Teoria de la rotura del isótopo 
de carbono estable en las plantas, y se introduce como una herramienta para identificar 
la materia organica derivada de las plantas C4. Tambien es presentada una lista con 
valores 513C de diversa taxa de plantas Andinas. En el capitulo 2, se introduce la 
teoria que establece que las concentraciones atmosféricas de C02 bajas pueden haber 
ocasionado la migración de los pastos tropicales C4 de las tierras de baja altitud hacia 
altitudes mas altas en los Andes tropicales. Las mediciones de 813C de Ia materia 
organica procedente de la perforación Funza de altitud alta sustenta esta idea. Se hizo 
un descubrimiento, utilizando la composición actual de la vegetación de altitud elevada. 
Los pastos inusuales C4 de paramo compuestos por Sporobolus lasiophyllus existen 
hasta elevaciones de 3500 metros. Otros pastos C4, tales como Paspalum 
bonplandianum y un numero de especies Muhlenbergia ocupan el mismo nicho 
ecológico. Estos ecosistemas de pastos C4 son inusuales debido a que la mayoria de 
vegetación C4 esta fuertemente asociada con condiciones de clima mas caliente. Se 
propone que estos pastos C4 de altitudes altas, son residuos de la vegetación de pasto 
C4 de la edad de hielo, que una vez floreció en las tierras altas en los tiempos de 
concentraciones bajas de CO atmosférico, y que sobrevivió por adaptación a las 
condiciones actuales. Esto ofrece un mecanismo para explicar la razón por la cual 
cierta taxa de plantas de tierra caliente de los trópicos se convirtieron en elementos de 
paramo. Este mecanismo deberia tener implicaciones importantes para las 
reconstrucciones del clima. Estos descubrimientos se desarrollan mas ampliamente 
en el capitulo 3, en donde mediciones de 813C de compuestos especificos en los 
lipidos de hoja fosilizada de la perforación de Funza, muestran que la abundancia de 
plantas C4 ha cambiado a través del tiempo. Puede ser reconstruido un record especifico 
que cuantifïque el cambio en la vegetación C3-C4. Sin embargo, las plantas C4 parecen 
no haber ganado dominancia completa, ni tampoco sus nümeros se expandieron durante 
el periodo glacial. Dos fuerzas antagonistas que llevaron a cabo la expansion de pastos 
C4 en el norte de los Andes, parecen haber sido la reducción de temperatura y de C02 

atmosférico.Las dos fuerzas pueden separarse utilizando un modelo ecofisiológico de 
C3 contra una competencia de pastos C4. Se han calculado las concentraciones de C02 

paleoatmosférico a partir de estimaciones existentes de paleotemperatura y porcentajes 
de cubiertas de planta C4. El resultado es sorprendentemente cercano a la información 
existente de records de hielo de la Antartica; tales como la perforación de hielo de 
Vostok, de esta manera, el modelo de competición puede explicar las variaciones en la 
contribución del material organico de la planta C3/C4, presentando un posible nuevo 
método para reconstruir concentraciones paleoatmosféricas de C02. En el capitulo 4 
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se investiga el ambiente acuatico, el cual reporta el material natural organico mayormente 
enriquecido en 13C encontrado en el planeta tierra. Este es un biomarcador de alga 
extraido del record de Funza. El capitulo explora este fenómeno inusual y trata de 
utilizarlo colocandolo en un escenario paleoambiental de la antigua laguna de Funza. 
Las algas Botryococcus, responsables de este material insólito enriquecido en 13C, 
parecen haber ocupado un nicho tinico en el ecosistema acuatico. En esta laguna 
tropical de altitud alta, su estilo de vida dió como resultado un efecto isotópico inusual 
de sistema cerrado, reduciendo los procesos de fraccionamiento a virtualmente cero. 
Estas observaciones proveen algunos nuevos discernimientos en la historia del 
paleoclima y paleo-ambiente del entorno acuatico. Los capitulos 5 y 6 tienen que ver 
con un aspecto mas fundamental de las investigaciones geoquimicas del altiplano de 
Bogota. Con el fin de estudiar la historia de la paleo-vegetación del area, es necesario 
investigar en gran detalle ciertos marcadores geoquimicos potenciales de los 
componentes de la vegetación. Los records de Funza contienen abundantes 
microfósiles; tales como polen y esporas de plantas superiores. Una de las sustancias 
quimicas que es altamente resistente a la degradación microbial es llamada 
sporopollenin, se encuentra en las paredes del polen y esporas. Algunos sedimentos 
Andinos estan excepcionalmente llenos de residuos de mega esporas del heiecho 
anfïbio Isoëtes al igual que los sedimentos de Funza. A pesar de que no todas las 
esporas pueden preservarse fisicamente intactas, su sporopollenin puede ser un 
biomarcador potencial para esta planta particular. El sporopollenin de Isoëtes killipii 
ha sido investigado completamente en este estudio. El bloque principal de la estructura 
quimica de este particular biopolimero es el acido/>-cumarico. Este es uno de los pocos 
estudios en donde el sporopollenin ha sido isolado en alta pureza. Esta información 
puede utilizarse para los estudios de isótopos estables de restos de Isoëtes killipii; a 
pesar de que esto no fue realizado en esta etapa, este tema proveera una información 
importante para reconstrucciones del ecosistema acuatico. Este biopolimero en dicho 
escenario en particular puede volverse extremadamente ütil como herramienta para el 
estudio de la quimica del carbóno de esta planta acuatica CAM y tambien para 
determinar el 8I80 del paleolago, especialmente debido a que los carbonatos no estan 
presentes en muchos sedimentos Andinos. El capitulo 6 explora otro biopolimero de 
planta superior altamente resistente a la degradación. Esta macromolécula estuvo sujeta 
a numerosos estudios geoquimicos. En este documento se reportan numerosos nuevos 
ejemplos intactos de ocurrencia cutanea. Todos demuestran claramente la importancia 
de estas plantas en el area norte de los Andes. Este estudio ha triplicado la cantidad de 
plantas de contenido cutaneo conocidas. Se presenta aqui una posible especulación 
sobre la función y la ocurrencia mas extensa de este biopolimero. Concluimos que este 
biopolimero se encuentra especialmente en las plantas adaptadas a la sequia, tales 
como las plantas CAM. De esta manera, la ocurrencia de cutan en sedimentos puede 
ser mas adelante explotada e interpretada como un indicador paleo-ambiental, asi como 
también futures estudios sobre su ocurrencia en sedimentos seran utiles para 
engrandecer nuestro cononimiento en la historia de tales plantas, lo cual hasta hoy, 
permanece en gran parte desconocido, debido a la carencia de fósiles. 
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Samenvatting 

Hoofdstuk 1 introduceert de belangrijkste onderwerpen van dit proefschrift. Dit is een 
basis introductie tot de C4 en CAM planten met nadruk op de Colombiaanse vegetatie. 
Deze informatie is van belang voor iedereen die geïnteresseerd is in de vegetatie van 
de Andes en de biogeochemie van C3 and C4 planten in het bijzonder. Met behulp van 
bestaande literatuur is een lijst van C4 en CAM taxa samengesteld die representatiefis 
voor de noordelijke Andes. De theorie van stabiele koolstof isotoop fractionatie wordt 
behandeld en geïntroduceerd als een hulpmiddel om C4 plant biomassa te 
onderscheiden. Een lijst van verschillende plant taxa met gemeten 8I3C waarden is 
gegeven. De theorie dat verlaagde atmosferische C02 concentraties tropische laagland 
C4 grassen naar grotere hoogtes heeft gedreven, wordt ingeleid met hoofdstuk 2. 5,3C 
metingen aan organisch materiaal uit de van grote hoogte afkomstige Funza kern, 
ondersteunt deze theorie. Er werd een ontdekking gedaan aan de hand van moderne 
vegetatie opnames. Op hoogtes tot 3500 m blijkt in enkele gevallen C4 gras paramo, 
bestaande uit Sporobolus lasiophyllus voor te komen. Andere C4 grassen, zoals 
Paspalum bonplandianum en enkele Muhlenbergia soorten komen in dezelfde 
ecologische niche voor. Deze C4 gras ecosystemen zijn ongebruikelijk daar het merendeel 
van de C4 vegetatie juist met warm klimaat is geassocieerd. Er wordt voorgesteld dat 
deze hoog gelegen C4 gras vegetatie overblijfselen zijn van ijstijd C4 gras ecosystemen 
die toen, door lage atmosferische C02 concentraties algemeen rond de hoogvlakte van 
Bogota voorkwamen. Deze grassen kunnen op grotere hoogtes overleven in het 
moderne klimaat door aanpassingen opgedaan tijdens glaciaal klimaat. Dit geeft een 
verklaring en een mogelijk mechanisme hoe bepaalde plant taxa vanuit het tropische 
laagland, paramo elementen zijn geworden. Deze bevindingen zijn verder uitgewerkt 
in hoofdstuk 3. Hier wordt aan de hand van moleculaire stabiele koolstof isotoop data 
van fossiele blad lipiden zien dat de hoeveelheid C4 planten is veranderd door de tijd. 
Er is een archief gereconstrueerd dat de verandering in C3-C4 vegetatie kan kwantificeren. 
Het blijkt dat C4 planten in het geheel niet de volledige dominantie hebben verkregen 
tijdens de glacialen. Twee tegenwerkende drijvende krachten op deze hooggelegen 
tropische locatie blijken verlagende temperatuur en atmosferische C02 te zijn. Gebruik 
makend van een eco-fysiologisch model van C3 en C4 competitie, kunnen deze twee 
gescheiden worden. Met behulp van bestaande palaeo-temperatuur reconstructies en 
de contributie aan C4 planten in de vegetatie, kan de atmosferische C02 concentratie 
uit het verleden worden gereconstrueerd. Het resultaat benadert de C02 profielen uit 
de Antarctische ijskernen. Het eco-fysiologisch model verklaart de variatie in C en C4 

vegetatie en geeft een totaal nieuwe methode om C02 data te reconstrueren. 
Het aquatische milieu wordt behandeld in hoofdstuk 4. Hier wordt melding gemaakt 
van het meest in 13C aangereikte ("zwaarste") natuurlijk organisch materiaal ooit op 
aarde gevonden Het gaat hier om een moleculaire marker afkomstig van een alg. Het 
hoofdstuk onderzoekt dit ongebruikelijke fenomeen en tracht het in een palaeo-milieu 
context te plaatsen. De alg Botryococcus, welke verantwoordelijk is voor het ongewoon 
aangereikte organisch materiaal, lijkt een unieke niche te hebben opgevuld in het 
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aquatische ecosysteem. Massale drijvende algen bloei in het tropische hoog gelegen 
meer heeft geleid tot een isotopisch gesloten systeem waarbij isotopische fractionatie 
vrijwel uitgesloten is. Deze observaties geven nieuw inzicht in palaeo-klimaat en 
milieu van dit aquatisch ecosysteem. 
Hoofdstuk 5 en 6 handelen over een meer fundamenteel aspect van dit geochemisch 
onderzoek aan de hoogvlakte van Bogota. Om de palaeo-vegetatie in dit gebied te 
reconstrueren is het noodzakelijk om een aantal goede moleculaire markers voor 
bepaalde vegetatie types of groepen te hebben. De Funza boorkern bevat veel 
microfossielen afkomstig van hogere planten, zoals pollen en sporen. Een van de 
chemische substanties hieruit wat immuun is tegen microbiële afbraak is 
sporopollenine. Enkele Andiene sedimenten zijn uitzonderlijk rijk aan sporen van de 
watervaren Isoëtes. Ook in de Funza boorkern zijn deze sporen aanwezig, hoewel zij 
niet altijd intact te zijn. Sporopollenin in deze sedimenten is een potentiële moleculaire 
marker voor Isoëtes. Het sporopollenine van Isoëtes killipii is uitvoerig onderzocht in 
dit hoofdstuk. Het hoofdbestanddeel blijkt jo-coumaar zuur te zijn. Dit is een van de 
weinige studies waarbij sporopollenine in een zodanig hoge zuiverheid is geïsoleerd. 
The resultaten kunnen worden gebruikt om geochemisch stabiele isotoop studies aan 
Isoëtes mogelijk te maken. Hoewel dat hier niet is gedaan heeft dit potentie voor de 
reconstructie van het aquatische milieu. 5I80 aan dit materiaal afkomstig van een 
ondergedoken plant kan in de toekomst zeer waardevolle informatie leveren, daar 
waar carbonaten meestal niet aanwezig zijn. Hoofdstuk 6 onderzoekt een ander plant 
biopolymeer dat ook immuun is tegen microbiële afbraak. Dit macromolecuul is 
regelmatig genoemd in geochemische literatuur. In dit hoofdstuk worden voor het 
eerst sinds de ontdekking van cutaan, verscheidene voorbeelden van cutaan bevattende 
planten gerapporteerd. Al deze voorbeelden laten duidelijk zien dat deze planten een 
belangrijke rol spelen in de vegetatie van de noordelijke Andes. Dit hoofdstuk heeft 
het aantal cutaan voorbeelden verdrievoudigd en lanceert een nieuwe theorie dat dit 
polymeer in het bijzonder goed vertegenwoordigd is onder de CAM planten en andere 
droogte aangepaste planten. Het voorkomen van cutaan in sedimenten kan gebruikt 
worden als moleculaire marker voor deze groep planten. 
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Sporobolus lasiophyllus C4 gras paramo (photo: A.M. Geef) 
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