
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

A geochemical study of lacustrine sediments: towards palaeo-climatic
reconstructions of high Andean biomes in Colombia

Boom, A.

Publication date
2004

Link to publication

Citation for published version (APA):
Boom, A. (2004). A geochemical study of lacustrine sediments: towards palaeo-climatic
reconstructions of high Andean biomes in Colombia. [Thesis, fully internal, Universiteit van
Amsterdam]. Universiteit van Amsterdam-IBED.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/a-geochemical-study-of-lacustrine-sediments-towards-palaeoclimatic-reconstructions-of-high-andean-biomes-in-colombia(4443cd97-536c-4f10-ac4c-a0155f9d3acd).html


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. 
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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 
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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. 
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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). 
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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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