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1.1 Climate change: reconstruction  
and prediction

The earth’s climate system, connecting the atmosphere, the oceans, the 
continents, the ice and the biosphere, is generally accepted as a dynamic 
system with larger and smaller natural shifts at various time scales. 
Where major climate shifts occurred during the glacial-interglacial 
oscillations of the Pleistocene, on the century scale yearly average 
Western European temperatures varied no more than 0.5˚c during 
the last millennia (Crowley and Lowery, 2000; Bradley et al. 2003; 
Luterbacher et al. 2004; Guiot et al. 2005). Although sunshine and 
cloudiness, wind and humidity are important factors of the average 
environmental conditions that we call our climate, in most climate 
reports, the main focus is on precipitation and temperature. In 2007, 
the Intergovernmental Panel on Climate Change (ipcc) reported that 
the earth’s temperature has risen 0.3 to 0.6˚C since 1900, and by the 
end of the 21st century this might be 1 to 4˚C. Furthermore, preci pi-
tation is predicted to become more extreme. In the next century, 
Western European winters are expected to see increased amounts of 
precipitation, whereas (extreme) summer drought is expected to 
occur more frequently (Ward et al. 2008a). In spite of the ongoing 
discussion among climate modelers and policy makers about the extent 
of anthropogenic influence on the climate system, the ipcc states that 
anthropogenic factors like massive deforestation and burning of fossil 
fuels presently push the climate system into a warming direction with 
a remarkably high speed. 

Policy makers have a great demand for an assessment of the magni-
tude, possible causes and mitigation of future climate change, in order 
to anticipate the expected consequences. Climate change, sea level 
rise, drought and seasonally increased river discharge will have a large 
impact on the Dutch society and economy. The Netherlands are in a 
vulnerable position, being located in the Rhine-Meuse-Scheldt delta 
(Kabat et al. 2003). The country is densely populated, so that severe 
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floods and periods of drought will have an impact on a substantial part 
of the population (Ward et al. 2008b). The Meuse basin suffered 
from severe winter floods in 1993 and 1995, and the material damage 
of the 1993 flood was estimated over a hundred million euro’s for the 
Netherlands (Wind et al. 1999). Besides socio-economic damage, 
eco  systems are likely to be affected by changing environmental 
conditions (Walther et al. 2002; van Vliet and Zwolsman, 2008). To 
develop a better adaptation and mitigation strategy for future climate 
change, the Dutch government initiated the national research program 
‘Climate Change and Spatial Planning’ (www.klimaatvoorruimte.nl). 
The program covers five themes: climate scenarios, mitigation, adapt-
a t ion, integration and communication. The research project addressed 
in this thesis was carried out under the ‘Climate Scenarios’ theme: 
‘Modeling and reconstructing precipitation and flood frequency in the 
Meuse catchment during the Late Holocene’, and co-financed by the 
‘Climate Change and Spatial Planning’ program.

Climate scenarios that predict the amplitude of future climate 
change become more robust if the model calculations can be validated 
against quantitative data from past climate changes. Therefore, insight 
in past climate variation and its relation to the biosphere is essential for 
a better understanding of the climate system. Unfortunately, quanti-
tative instrumental recordings of the climate go back no further than 
decades or centuries, so that we need natural archives to reconstruct 
climate change dating back millennia or more. From those natural 
archives, proxies can be extracted, which are indirect measures of 
environmental and climate conditions in the past. For example, an 
environmental isotope proxy is a physicochemical or biochemical 
record in a natural archive with values that change as environmental 
conditions change. Thus, the reliability of past climate reconstructions 
is directly dependent on the reliability of the proxies used. 
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1.2 The Holocene

The Holocene epoch covers the period from the very end of the last ice 
age about 11,000 years ago to the present. In this period, the climate is 
relatively stable compared to the major shift that mark the transition 
from glacial to interglacial, from Pleistocene to Holocene. However, 
Holocene temperature and precipitation regimes do show fluctuations, 
which are the basis for a further subdivision of this epoch (Figure 1.1). 

The original Blytt-Sernander classification of the Holocene was a 
biostratigraphical division, dating back more than a century. Four 
periods were recognized based on visually distinguishable layers in 
raised bogs (Blytt, 1876; Sernander, 1908; Von Post, 1946). Blytt 
(1876) and Sernander (1908) described bog cores with dark, more 
humified, wood containing layers in the Boreal and Subboreal, and 
lighter, less humified layers without wood in the Atlantic and 
Subatlantic. Later, the earliest postglacial period was added by Deevey 
and Flint (1957) and named the Preboreal. Thus, the postglacial epoch 
is generally subdivided into five distinct periods (Figure 1.1).

Climatologically, the Blytt-Sernander classification is imprecise, 
and the Holocene climate subdivision is increasingly based on climate 
reconstructions derived from data obtained from other than peatland 
archives, such as Greenland ice cores, North Atlantic Ocean sediments, 
Alpine glaciers and lake sediments (e.g. O’Brien et al. 1995; Johnsen et 
al. 2001; Bond et al. 2001; Oppo et al. 2003; Holzhauser et al. 2005). 
Climate proxies in these studies all provide evidence for a similar 
division of the Holocene, from Preboreal to Subatlantic, although the 
datings and the climatic subdivisions show regional variations, especially 
where the geographic regions under study are further dispersed 
(Deevey and Flint, 1957; Mangerud et al. 1974; Ravazzi, 2003). 

In peat-based Holocene climate studies, numerous local peat 
transitions between dark, strongly humified and light, less humified 
peat layers have been described, indicating that many more climate 
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Figure 1.1 Postglacial periods in Northwest Europe, with climatic subdivisions, characteristic 
trees, times before present where available, and archeological periods. The exact timing of 
archeological periods depends on the geographic region. Based on Deevey and Flint (1957), 
Mangerud et al. (1974), Damblon (1980), van Geel et al. (1996), Louwe Kooijmans et al. 
(2005).

Epoch
Climatic 
subdivisions

Trees/ 
vegetation

Calibrated  
years bp

Archeological 
periods

Holocene

Subatlantic
wet, cool

beech, oak
Roman time
Iron age

Subboreal
dry, warm

oak, ash,  
linden

Bronze age

Altlantic
wet, warm

oak, elm,  
linden, ivy

Neolithic

Boreal
dry, warm

pine, hazel Mesolithic

Preboreal
warming

birch, pine

Pleistocene
Younger Dryas  
(late glacial)

birch, 
park-tundra

Palaeolithic

2728 - 2476

5728

8776 - 9904

11268 - 11553
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fluctuations from warm and dry to cool and wet occurred (Frenzel, 
1983; van Geel, 1978; Dupont and Brenninkmeijer, 1984). However, 
some transitions may have been triggered by other than climate 
transitions, like shifts from minerotrophic to ombrotrophic conditions, 
local shifts in bog hydrology, or even by wildfire (Frenzel, 1983). 

For present-day climate studies, the Late Subboreal (4000-2800 cal bp) 
is an important natural reference period since it is the latest period in 
recent Northwest European history where the impact of human 
activities on the environment is still limited. Although deforestation 
took place in Northwest Europe during the Bronze age and the pre-
Roman Iron age, massive deforestation started slightly afterwards, in 
the Roman era (Gotjé et al. 1990; Bunnik, 1995). From that time 
onwards, it becomes difficult to distinguish natural climate variability 
from anthropogenic effects. Detailed information on subtle climate 
shifts during the Late Subboreal can therefore provide valuable 
information for the testing of climate models and for future climate 
change predictions.

1.3 H, O and C isotopes as proxies for  
environmental conditions

1.3.1 Stable isotopes: natural abundance and δ notation
Chemical elements can occur in different variants. These variants, the 
so-called isotopes of the element, share the same number of protons, but 
have different amounts of neutrons, and thus different mass numbers. 
Stable isotopes, in contrast to radioactive isotopes, do not undergo 
decay, and as a consequence, the stable isotope ratio of a certain 
element on earth remains constant (Table 1.1). 
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Element Isotope
Percent  
abundance

Ratio 
measured

Delta  
notation

Standard

Hydrogen
1H
2H (D)

99.984
0.0156

2H/1H δD or δ2H vsmow

Oxygen

16O
17O
18O

99.759
0.037
0.204

18O/16O δ18O vsmow

Carbon
12C
13C

98.982
1.108

13C/12C δ13C vpdb

Table 1.1 Hydrogen, oxygen and carbon stable isotopes, their natural abundances and their 
internationally accepted reference standards (Dawson et al. 2002). 
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Although the ratio of the total amount of stable isotopes of a certain 
element on earth remains unaffected, these isotope ratios can show 
large fluctuations, depending on the source material from which the 
element is measured. Isotope ratios are presented as deviations from 
the abundance ratio of a reference standard. For H and O, the original 
reference standard used to be standard mean ocean water (smow).  
As this reference standard is no longer available, the iaea standard 
Vienna-smow is nowadays the standard reference for H and O 
isotope ratios. For carbon, the original reference standard used to be 
belemnites from the PeeDee formation (pdb), which has now been 
substituted by the iaea standard Vienna-pdb. As absolute abundance 
ratios of stable isotopes are often very small (a few parts per thousand), 
the isotope ratio of a particular material or substance is multiplied by 
1000 and expressed as ratio relative to the standard. The resulting δ 
value reflects the amount of the rarest to commonest (heavy to light) 
isotope in the sample. Thus, higher δ values indicate larger amounts 
of the heavier isotope. A negative δ value means that the amount of 
heavy isotopes in the sample is lower than that amount in the standard, 
as, by definition, standards have a δ value of 0‰ (Dawson et al. 2002). 
For example, the carbon isotope composition in δ notation, is reported 
as follows: 

δ13C (‰) = 1000 * {[(13C/12C)sample – (13C/12C)standard] /  
(13C/12C)standard}, relative to the Vienna PeeDee Belemnite 
standard.

Similar delta notations are derived for the hydrogen and oxygen 
isotope composition (Table 1.1). Due to the mass difference of 
isotopes, the ratio of isotopes changes due to physical, chemical and 
biological processes. The offset in the ratio of heavy and light isotopes 
between a source and a product (i.e. between ocean water and local 
precipitation, or between precipitation and a plant’s tissue) is called 
isotope fractionation.
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Figure 1.2 Annual δD distribution for Europe (iaea 2001). The δ18O distribution reveals a 
similar pattern of depletion.
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1.3.2 H and O isotope fractionation in precipitation
Average yearly δD and δ18O values of precipitation are geographically 
distributed according to a more-or-less fixed pattern. For Europe, 
these values become lighter over a gradient from southwest to north/
northeast (Figure 1.2). This gradient is explained by Rayleigh 
fractionation: ocean water evaporates around the equator, and water 
vapor travels northwards through the atmosphere. When, along the 
way, part of the water vapor condenses and precipitates, the heaviest 
isotopes are more likely to precipitate first, leaving an ever larger 
fraction of light H and O isotopes in the atmosphere as transport 
distance increases (Dansgaard, 1964; Gat, 1996; Ménot-Combes et 
al. 2002) (Figure 1.3).

This enrichment in lighter isotope values increases further in an 
easterly direction with increasing distance from the North Atlantic 
(Alley and Cuffey, 2001). Depending on the geographical location, 
other factors can also affect the isotope ratios of precipitation: 
temperature, wind and seasonality (Schiegl, 1972; Epstein et al. 1977; 
Rozanski et al. 1992; Araguás-Araguás et al. 2000), as well as altitude 
(Rozanski and Sonntag, 1982; Johnson et al. 2001) and the amount  
of precipitation (Dansgaard, 1964; Ramesh et al. 1986; Schefuss et  
al. 2005). However, in temperate regions, the fractionation pattern 
correlates most strongly with temperature (Dansgaard, 1964; Gat, 
1980; Rozanski et al. 1992, 1993; Fricke and O’Neil, 1999; Araguás-
Araguás, 2000). 
 There is a close relationship between δD and δ18O in both regional 
and global precipitation. Craig (1961) analyzed the δD and δ18O 
contents of fresh waters world-wide, and found the following 
correlation: 

 δ2H = 8 * δ18O + 10 
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δ18Osw= 0‰

δ18Ov= -13‰

δ18Op= -3‰

δ18Ov= -30‰δ18Ov= -50‰

δ18Op= -30‰ δ18Op= -15‰

(c) D.M. Roche, basanite@free.fr 
IPSL/ CEA-CNRS (http://www-lsce.cea.fr/)
Laboratoire des Sciences du Climat  et de l'Environnement 

'Symbols for diagrams courtesy of the Integration and Application Network 
(ian.umces.edu/symbols), University of Maryland Center for Environmental Science.'

Figure 1.3 Schematic display of the oxygen isotope fractionation in the global water cycle. 
Seawater evaporates around the equator and forms clouds which progressively loose precipi-
tation, from which the heaviest isotopes rain out first (picture by D. Roche).
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This fixed relationship between long-term annual means of δ18O and 
δ2H, derived from the stations of the gnip network (Global Network 
for Isotopes in Precipitation, set up by the iaea and the wmo), is 
called the Global Meteoric Water Line.

The apparent link between the δ18O and δD values in precipitation 
and meteorological parameters such as air temperature or amount of 
rainfall, make these isotopes interesting tools for palaeoclimatological 
and palaeoenvironmental reconstructions. Palaeoclimate reconstructions 
are based on proxies, deduced from natural archives. The application 
of isotope proxies is however dependent on an in-depth understanding 
of the subsequent processes determining isotope fractionation between 
rainout and measurement of the proxy source. Such a proxy validation 
is therefore crucial for a correct environmental and climatological 
interpretation of the proxy values. 

1.3.3 Isotope fractionation through evaporation and biochemical 
processes
Before uptake in a natural archive, surface water can enrich isotopically 
by means of evaporation. Under the influence of sunshine and wind, 
water from soil surfaces, standing water or water on leaves can eva-
porate. The evaporated water vapor contains a larger fraction of light 
isotopes than the remaining water (Gat, 2000), which also shows a 
greater effect for the oxygen isotope composition than for the hydro-
gen, leading to a divergence from the gmwl. Besides this ‘passive’ 
evaporation, vascular plants can actively contribute to the transport  
of water into the atmosphere. Water that has been used in various 
biophys io logical processes in a plant, may return to the atmosphere 
through leaf stomata. 

During biochemical processes, plants discriminate against the 
heavier isotopes. Carbon isotope ratios in plants depend on the habitat 
and on biochemical pathways. Through photosynthesis, plants convert 
CO2 and H2O to glucose, using sunlight, and releasing oxygen to the 
atmosphere. During gas exchange, plants discriminate against 13CO2. 
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The main carbon source of plants is atmospheric CO2, which has a 
relatively uniform carbon isotopic signature (δ13C) worldwide, presently 
ca. 8‰ (West et al. 2006). Fractionation occurs as the lighter isotopes 
diffuse more easily into the chloroplast, whereas rubisco (the photo syn-
thesizing enzyme) discriminates against 13CO2 and C18O16O (Williams 
and Flanagan, 1996). Here, the lighter isotope has somewhat weaker 
chemical bonds which are more easily broken. Therefore, the lighter 
isotope is more reactive and incorporated in the product faster and 
more easily than the heavier isotope (Kendall & McDonnell, 1998; 
Dawson & Brooks, 2001). In contrast to vascular plants, non-vascular 
plants tend to have larger amounts of 13C in their tissues as a conse-
quence of water limitation (Williams and Flanagan, 1996, 1998).

The oxygen in glucose and therefore in plant tissues originates from 
atmospheric CO2, not from H2O, which is the source of the released 
oxygen in photosynthesis (Ruben et al. 1941). Nevertheless, plants 
reflect the δ18O value of precipitation, as a result of the rapid equili-
brium between CO2 and H2O (Rozanski et al. 2001). Hydrogen isotope 
fractionation from source water to lipids in photoautotrophic organisms 
is known to be large and highly variable, depending on both differences 
in biosynthetic pathways among species, and a range of environmental 
factors (Yakir and de Niro, 1990; Schouten et al. 2006; Zhou et al. 
2009). Fractionation of both H and O isotopes occurs during various 
biosynthetic pathways, with a substantial genetic variation among 
different biological taxa (Brenninkmeijer et al. 1982; Sessions et al. 
1999; Zhang et al. 2009). 

1.4 Raised bogs as archives of the Holocene climate

1.4.1 Peatbogs: carbon sink and palaeoclimate archive
Ombrotrophic peatlands are frequently used as archives of Holocene 
climate change on land (e.g. Aaby, 1976; van Geel and Middeldorp, 
1988; Barber et al. 1998; Blackford, 2000). These peat-covered areas 
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or peat-filled depressions are accumulations of well-preserved organic 
material, continuously piled up in chronological order. One cm of peat 
in a peat profile can represent between 5 and 50 years of peat accu mu   -
l ation (Barber, 1982), so that down core sampling of 1 cm slices in a 
peat core should provide information on a (multi) decadal scale, partly 
depending on humidity conditions during decay (more decom position 
occurs when the bog surface is dry) and compression during progres-
sing peat formation.

Due to water-saturated and thus anoxic conditions, plants (and 
animals) decompose incompletely after their death, and remains pile 
up as sedentary material. The process of bog formation and peat 
accumulation is only possible in wet areas, where the amount of 
precipitation is higher than the amount of evaporation. Raised bog 
formation starts when shallow, open waters are filled by organic 
matter to become semi-terrestrial minerotrophic fens, eventually 
followed by accumulation of water-saturated peat above the original 
water surface, where the vegetation has no longer access to ground 
water, and precipitation is the only source of water and nutrients. 
True raised bogs form lenses of peat that are recognizable above the 
level of the surrounding landscape (Figure 1.4a). In temperate climates, 
they are usually maximum 8 meters high and may have a diameter up 
to a few kilometers. Blanket bogs are extensive and flat or gently 
sloping areas where the surface is covered with a few decimeters of 
bog material stacked upon an impermeable substratum. Blanket bogs 
develop in extremely wet climates (annual rainfall over 1600 mm/year) 
(van Breemen, 1995), where stagnation of water provides production 
rates that are higher than decomposition rates (Figure 1.4b). Blanket 
bogs often have minerotrophic flushes or drainage ways running 
between the bogs (Rydin and Jeglum, 2006). 

Raised bog surfaces, and blanket bog surfaces to a lesser extent, are 
characterized by a pattern of micro-topographical habitats, each micro-
site with its typical moisture conditions: hollows are wet depressions, 
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Figure 1.4 Raised bogs (A) are massive packages of peat that eventually form lenses that rise 
above the surroundings, whereas blanket bogs (B) are thinner layers of peat that cover a larger 
area (Irish Peatland Conservation Council, www.ipcc.ie).

A Raised bog

B Blanket bog

Lake mari Lake peat Fen peat

Bog peat Fossil tree stumps
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lawns are flat, intermediately dry although regularly inundated habitats 
and hummocks form the highest and driest patches in a bog area. 
These three microhabitats alternate in a bog, with specific vegetation 
assemblages along the hydro-topographical gradient, depending on the 
morphology and physiology of individual species (Robroek et al. 2007; 
Mauquoy and van Geel, 2007). 

1.4.2 Sphagnum moss, the main component of peatlands
Only 3% of the world’s land area is covered by bogs, whereas bogs 
contain over one-third of the world’s soil organic carbon, which is more 
than half of the amount of carbon in the atmosphere (Gorham, 1991), 
and over three times more carbon than stored in tropical rainforests 
(Bragg and Lindsay, 2003). The dominant species (over 50%) in bog 
vegetation are Sphagnum mosses. In fact, there may be more carbon 
incorporated in Sphagnum, dead and alive, than in any other plant 
genus (Clymo and Hayward, 1982). Although their global diversity  
is not completely known, there are about 100 well-known species in 
temperate and cold climates in North America and Eurasia (Rydin & 
Jeglum, 2006). The species of the genus Sphagnum are grouped into 
sections. This grouping occurs on both morphological and genetic 
grounds (Shaw, 2000; Smith, 2004). In ombrotrophic bogs, about  
30 species occur, mainly originating from the sections Cuspidata, 
Sphagnum and Acutifolia. Although each individual species has its 
preferred habitat conditions, the bog surface is predominantly charac-
terized by Cuspidata species in the hollows, Sphagnum species in the 
lawns and Acutifolia species in the hummocks (Rydin and Jeglum, 
2006; Mauquoy and van Geel, 2007).
 Carpets of Sphagnum mosses are composed of numerous vertically 
growing stems (1-7 per square centimeter, depending on the species). 
Photosynthesis, and thus growth, is limited to the apical part of a stem, 
the capitula. As stems progressively grow upward, the lower parts of 
the stem die, but the dead plant parts stay connected to the capitulum. 

Sphagnum mosses are well adapted to the wet and nutrient poor 
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Figure 1.5a  Sphagnum leaves are only one cell layer thick. Leaves are 0.5-2.5 mm long.  
Figure 1.5b  The leaves consist of chlorophyllous (photosynthesizing) cells and hyaline 
(empty) cells that can be filled with water. Magnification 400x.

A

B
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conditions in the bogs, but they are not only passive inhabitants: they 
play an active role in creating optimal conditions in order to outcompete 
other species (van Breemen, 1995). Their direct link to the environment 
makes Sphagnum mosses highly suitable for registering atmospheric 
changes. These mosses have an unusually high water retaining capacity 
(Overbeck, 1975). Furthermore, unlike vascular plants, Sphagnum 
mosses lack stomata, and thus are unable to actively control gas ex-
change and water loss. The lack of a vascular system implies that the 
mosses do not possess a system that regulates active water transport 
from the lower parts to the photosynthesizing capitulum. Instead, 
water is transported upwards via a capillary network formed by spaces 
between the cells (hyaline cells, Figure 1.5), between the leaves, 
between the stem and the branches, and between adjacent plants 
(Clymo and Hayward, 1982). About 98% of a living Sphagnum carpet 
is pore space: 10-20% in the hyaline cells, the rest on the outside of the 
plant (Ingram, 1983), and Sphagnum mosses are able to hold over 20 
times their own weight in water. Secondly, Sphagnum requires low ph 
and low Ca2

+ concentrations (Clymo and Hayworth, 1982), and 
actively acidifies its surroundings, thus creating unfavorable conditions 
for other species in the environment. The mosses selectively absorb 
mineral ions, exchanging these for H+, a process facilitated by uronic 
acids in the cell wall (Rydin and Jeglum, 2006). 

Like any other organism, Sphagnum mosses are composed of a mixture 
of organic components. Palaeoclimate studies involve measurements 
on bulk material, but more and more studies focus on stable isotope 
compositions of specific compounds such as cellulose and lipids. 
Cellulose is a major component of the cell walls, although the net 
cellulose percentages may vary between 4 and 52% (Tillman et al. 
2010). Special attention goes to the C23 n-alkanes, because of their 
relatively high concentrations in Sphagnum moss and their near absence 
in other bog inhabiting plant species (Baas et al. 2000; Nott et al. 
2000; Bingham et al. 2009).
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1.5 The stable isotope record of Sphagnum mosses  
as a proxy for environmental change: objective and outline  

of this thesis

Originally, this research project focused on the quantification of 
Holocene precipitation and a description of the Late Subboreal 
Holocene precipitation regime. However, it became clear that proces-
ses fundamental for the application of isotope ratios in palaeoclimate 
reconstructions were insufficiently understood, making the isotope 
ratios unreliable as proxies for Holocene precipitation. Thus, gradually, 
the aim of the research shifted towards the development and refinement 
of Sphagnum based isotope proxies for environmental change. In other 
words: the stable isotope proxies had to be validated, i.e. before the 
tool (an isotope proxy for climate reconstruction) could be applied, 
the tool itself had to undergo a profound testing. In this thesis the stable 
H, O and C isotopes in Sphagnum mosses are studied in detail. The 
applicability of these isotopes as proxies for environmental change in 
peat bogs is explored. In a number of present-day studies, the relation 
between environmental conditions and stable isotopes in Sphagnum 
mosses is assessed, and eventually the isotope proxies are applied on a 
Holocene peat core, aiming to render more detailed information on 
past environmental change. 

The basic physiology of Sphagnum mosses seems to make these 
mosses the ideal recorders of isotope ratios in an ombrotrophic bog 
environment, as Sphagnum is supposed to have a direct link with a bog’s 
hydrological conditions. Sphagnum mosses are therefore supposed to 
be good recorders of atmospheric isotope ratios. Still, it is likely that 
physiological and environmental factors are involved in isotope 
fractio nation. Oxygen and carbon isotope fractionation from source 
water to Sphagnum compounds has been quantified before (Epstein et 
al. 1977; Aravena and Warner, 1992; Aucour et al. 1996; Williams 
and Flannagan, 1996), but hydrogen isotope fractionation from source 
water to Sphagnum compounds has not yet been described in detail. 



Chapter 1 
General Introduction

29

Furthermore, it is unknown to what extent genetic or environmental 
conditions contribute to the stable isotope fractionation in Sphagnum 
mosses. In order to separate genetic from environmental factors, and 
in order to quantify H, O and C fractionation in Sphagnum, a green-
house study was set up, in which Sphagnum mosses were grown under 
strictly controlled conditions (Chapter 2). Greenhouse findings need 
testing in a field situation. With a large European field data set 
(Chapter 3) we have tried to gain more insight into the compound-
specific H and O isotope ratio values in Sphagnum mosses, related to 
the local water source and environmental conditions. Subsequently, the 
isotope records in Sphagnum were analyzed to find new applications 
for chemotaxonomy (Chapter 4), and eventually, a Late Subboreal 
peat core was analyzed (Chapter 5), using both biological (pollen, 
macrofossils) and stable isotope proxies, in order to make an envi r  on-
mental reconstruction of this specific period, and gain more insight in 
the applicability of the different proxies used. 
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Abstract

Compound-specific isotope measurements of organic compounds are 
increasingly important in palaeoclimate reconstructions. Searching for 
more accurate peat-based palaeo-environmental proxies, compound-
specific fractionations of stable C, H and O isotopes of organic com-
pounds synthesized by Sphagnum were determined in a greenhouse 
study. Three Sphagnum species were grown under controlled climate 
conditions. Stable isotope ratios of cellulose, bulk organic matter (om) 
and C21-C25 n-alkanes were measured to explore whether fractionation 
in Sphagnum is species-specific, as a result of either environmental 
conditions or genetic variation. The oxygen isotopic composition 
(δ18O) of cellulose is equal for all species and all treatments. The 
hydrogen isotopic compostion (δD) of the n-alkanes displays an 
unexpected variation among the species, with values between -154‰ 
for Sphagnum rubellum and -184‰ for Sphagnum fallax for the C23 
n-alkane, irrespective of groundwater level. The stable carbon isotopic 
composition (δ13C) of the latter also shows a species-specific pattern. 
This pattern is similar in the carbon isotope fractionation of bulk om, 
although the C23 n-alkanes are over 10‰ depleted than the bulk om. 
The variation in H fractionation may originate in the lipid biosynthesis, 
whereas C fractionation is also related to humidity conditions. Our 
findings clearly emphasize the importance of species identification in 
palaeoclimate studies based on stable isotopes from peat cores.

2.1 Introduction

Stable isotope signatures related to atmospheric precipitation are 
valuable proxies for climate reconstruction. Biogenic and sedimentary 
materials can record such isotope ratios, e.g. in tree ring cellulose and 
carbonates (Epstein et al. 1977; Feng and Epstein, 1995). Raised bogs 
are frequently used as palaeoclimate archives, forming a continuous 
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accumulation of more or less decayed plant material, with Sphagnum 
moss as the most abundant component. Since precipitation is the only 
water source in these ecosystems, it is thought that bog plants register 
isotope ratios as a function of precipitation (Rydin and Jeglum, 2006). 
However, isotope fractionation may hamper a straightforward applic-
ation of plant isotope data as proxies for isotope ratios in precipitation. 

A number of external factors determine the isotope ratios in 
Sphagnum tissue. First, stable hydrogen (δD) and oxygen (δ18O) 
isotope compositions in rainwater become lighter with increasing 
latitude and altitude, following the hydrological cycle of the Rayleigh 
model (Dansgaard, 1964; Ménot-Combes et al. 2002). Second, envir  -
onmental factors like temperature, amount of precipitation and 
relative humidity affect the isotope ratios in precipitation (Schiegl, 
1972; Epstein et al. 1977; Ramesh et al. 1986; Rozanski et al. 1992; 
Araguás-Araguás et al. 2000; Schefuss et al. 2005). Finally, after 
precipitation, isotope values can become enriched through evaporation, 
driven by temperature, humidity, cloudiness and wind (Aravena and 
Warner, 1992; Zanazzi and Mora, 2005).

Subsequently, metabolic and biosynthetic processes determine iso-
tope fractionation. Through photosynthesis, plants convert CO2 and 
H2O to glucose, using sunlight, and release oxygen into the atmos phere. 
The main carbon source of plants is atmospheric CO2, which has a 
relatively uniform carbon isotopic signature (δ13C) worldwide presently 
of approximately -8‰ (West et al. 2006). The oxygen in glucose 
originates from atmospheric CO2, not from H2O, which is the source 
of the released oxygen in photosynthesis (Ruben et al. 1941). Never-
theless, plants reflect the δ18O of precipitation, as a result of the rapid 
equilibrium exchange between CO2 and H2O (Rozanski et al. 2001). 
Subsequent fractionation occurs as the lighter isotopes diffuse more 
easily into the chloroplast, whereas rubisco (the photosynthe sizing 
enzyme) discriminates against 13CO2 and C18O16O (Williams and 
Flanagan, 1996). As Sphagnum mosses are non-vascular plants, the 
water content in their water holding hyaline cells determines both the 
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CO2 accessibility and the rate of photosynthesis, implying that the 
degree of wetness is an important factor in their bulk om δ13C values 
(Williams and Flanagan, 1996; Rice, 2000).

After photosynthesis, isotope fractionation depends on the biosyn-
th e  tic pathways within plants. Therefore, sugars, proteins, lipids, dna / 
rna, etc. have their own specific δ13C and δD values (O’Leary, 1981). 
In plants, the principal component of the cell wall is the polysaccharide 
cellulose. Other structural components are waxes: long chain lipids 
such as n-alkanes, embedded in the cell wall matrix, forming barrier 
layers that help prevent loss of water. Variations in stable isotope ratios 
of bulk plant samples are influenced by the specific isotope ratios of 
sugars, proteins and lipids. Since these ratios are dependent on the 
level of degradation, which is a function of environmental parameters, 
and also differ between species, compound-specific isotope measure-
ments are nowadays highly preferred in palaeoclimate investigations. 
In peat bogs, the C23 n-alkane mainly originates from Sphagnum moss. 
This n-alkane is less abundant in higher plants, making it a good 
marker for the genus Sphagnum in peat-based palaeoclimate studies 
(Baas et al. 2000; Nott et al. 2000; Pancost et al. 2002; Sachse et al. 
2006). Therefore, our main focus was on this lipid in the compound-
specific δ13C and δD measurements.

Previous bog-based (palaeo)climate studies have found species-
specific fractionation of H and O isotopes in the cellulose or the bulk 
om of different Sphagnum species (Brenninkmeijer et al. 1982; 
Dupont and Mook, 1987; Aravena and Warner, 1992; Rice, 2000; 
Zanazzi and Mora, 2005). Bog surfaces have a typical hummock-
hollow structure, where the bog water in the dry hummocks is most 
enriched as a result of evaporation. The isotope enrichment in the 
tissues of the dry-growing species was fully attributed to the enrichment 
of the source water in the favored micro-habitat of the dry species.

The objective of this study was to determine and compare the frac-
tio nation of hydrogen, oxygen and carbon isotopes in cellulose, bulk 
om and lipids of different Sphagnum species. To discriminate between 
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Figure 2.1

Figure 2.1 Mono species Sphagnum samples in a greenhouse.
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genetic and environmental factors, a greenhouse experiment was 
performed with three different species of Sphagnum, grown at high and 
low water levels. As climate conditions were strictly controlled, the 
effect of species-specific micro-habitats could be discriminated from 
purely genetic effects. The results are crucial for further development 
of accurate and quantitative palaeoclimate proxies for precipitation.

2.2 Methods

2.2.1 Greenhouse setting
Three species of Sphagnum were collected in April 2006 from 
Bargerveen, a peatland nature reserve at the northeastern border of 
the Netherlands (52˚41’ N, 07˚02’ W). The species represent three 
genetically and ecologically distinct sections (Shaw, 2000; Rydin and 
Jeglum, 2006). Sphagnum fallax (section Cuspidata) represents a 
hollow species, Sphagnum magellanicum (section Sphagnum) a lawn 
species and Sphagnum rubellum (section Acutifolia), a hummock 
species. The mono species field samples were stored in a refrigerator 
(max. 5 ̊C) for five weeks. Before the start of the experiment, they 
were well watered twice a week with an artificial rainwater solution 
(Garrels and Christ, 1965). In this way, the mosses could recover, 
whereas any original bog water was washed out.

The three species were grown at two bog water levels, namely at the 
average natural water level (Mauquoy and van Geel, 2007) and at 5 cm 
above the water table (Table 2.1). Each treatment was replicated (5 x), so 
that 30 samples (3 species x 2 water levels x 5 replicas) were analyzed. 

The samples were grown in plastic cylinders of 7 cm diameter 
(Figure 2.1). Vegetation density for each species in the cylinders was 
the same as in the field. The cylinders were perforated, allowing water 
to flow through. A constant bog water level was simulated, as the 
cylin ders were hung in 3 plastic containers filled with the artificial rain  - 
water solution. Each container held 6 cylinders, namely 3 species each 
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Species

Wet conditions
(cm from capitula to 

water level)

Dry conditions
(cm from capitula to 

water level)

Natural conditions
(cm from capitula to 

water level)

Sphagnum 
fallax

0 5 0

Sphagnum 
magellanicum

5 18 18

Sphagnum 
rubellum

5 24 24

Table 2.1 Sphagnum species and water levels at which they were grown for 16 weeks.
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at 2 water levels, giving all samples access to the same water source.  
A lid covered the surface between the cylinders in a container, 
protecting the water surface from evaporative loss. Additionally, 
twelve cylinders were hung in single containers. These were weighed 
individually, allowing measurement of weekly water loss by evaporation 
from the moss surface. Once a week, bog water was filled up to the 
initial level. In each tube, 2 metal rods were inserted (cranked wire 
method), marking the capitula level at the start of the experiment 
(Clymo, 1970). 

The 3 species grew from early June 2006 until the end of September 
2006. Glasshouse conditions were constant: 25 ̊C during the day and 
15 ̊C during the night at a natural rhythm. Relative humidity was 
around 50% and there was only natural light. The location in the green-
house was randomized every 2 weeks. The watering regime was equal 
for all cylinders: weekly, the samples were sprayed with 60 ml of the 
rainwater solution, equivalent to 800 mm precipitation per year. The 
δD value of the artificial rainwater solution was -56‰ vsmow and the 
δ18O value was -8.3‰ vsmow.

After 16 weeks growth, the Sphagna were harvested. A second mark 
was put on the iron rods, recording stem increment. From the middle 
of the cylinder, 6 cm2 of moss was picked out, cutting off only the 
upper pieces of the stems that had grown above the initial mark on the 
iron rods. The samples were put in glass bottles, freeze-dried and 
stored until analysis. 

2.2.2 Isotope measurements

Lipid extraction
Freeze-dried Sphagnum samples were ground manually in a mortar, 
mixed with diatomaceous earth and extracted using an Accelerated 
Solvent Extractor (Dionex), with a mixture of dichloromethane (dcm) 
and methanol (meoh) (9 : 1 v/v). The extracts were dried using rotary 
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evaporation under vacuum until near dryness and separated into apolar 
and polar fractions using column chromatography with activated 
alumina (Al2O3), and hexane : dcm (9 : 1 v/v) and dcm : meoh  
(1 : 1 v/v), respectively for elution. The apolar fractions were eva-
porated under a continuous N2 flow and dissolved in hexane prior  
to analysis by gas chromatography (gc), gas chromatography-mass 
spectrometry (gc/ms) and gas chromatography-isotope ratio mass 
spectrometry (gc/irms).

gc and gc/ms

The apolar fractions were analyzed with a hp gas chromatograph 
equipped with a flame ionization detector (fid). A fused silica column 
(30 m x 0.32 mm i.d., film thickness 0.1 μm) coated with cp Sil-5cb 
was used with He as carrier gas. Samples were injected on-column at 
an initial temperature of 70 ̊C with the injector operating at a constant 
pressure of 100kPa. The temperature was increased at 20 ̊C/min to 
130 ̊C, then at 4 ̊C/min to 320 ̊C (held 20 min). The n-alkanes were 
identified using gc/ms (Thermo Trace gc Ultra) with a same column 
and heating programme as used for gc analysis. 

gc/irms

Compound specific δ13C and δD values were determined using a 
ThermoFinnigan Delta-Plus xp mass spectrometer. The same column 
and heating programme were used as described for gc and gc/ms. 
Isotope values were based on duplicate analyses of well-resolved peaks 
and represent averaged values.

For δD analysis, H3
+ factors were determined before every run and 

varied between 4.4 and 6.0 ppm nA-1. A mixture of C17-C25 alkanes 
with a known isotope composition (Schimmelman C standard) was 
measured daily before and after the samples were measured. The offset 
between the measured hydrogen isotope composition of these C17-C25 
n-alkanes and the values determined off-line ranged between -8 and 
-29‰. The average standard deviation over the whole analytical period 
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was 6‰. The measured isotope compositions were corrected for the 
specific offset of each n-alkane in the Schimmelman standard (+16‰ 
for n-C21; +29‰ for n-C23; +8‰ for n-C25). The hydrogen isotope 
composition of one sample was measured 6 times to check internal 
precision of the analyses. The standard deviation in the δD compo-
sition of the C23 n-alkane from this sample was <1‰. All duplicates 
showed offsets <5‰.

Compound-specific δ13C values were calculated by integrating the 
m/z 44, 45, and 46 ion currents of the peaks produced by combustion 
of the chromatographically separated compounds and of CO2-spikes 
produced by CO2 reference gas released at regular intervals. Standard 
deviation for the δ13C values of serial reference gas peaks were usually 
<0.2‰, but never >0.35‰. Squalane, of which the isotopic composi-
t   ion was determined offline, was used as isotopic reference and was 
measured at regular intervals. Reference gas peaks were adjusted 
accor ding to deviations of the Squalane standard. The standard 
deviation of the duplicates was <0.5‰. Carbon isotope compositions 
are reported in the delta (δ) relative to the Vienna Pee Dee Belemnite 
(vpdb) standard.

Cellulose extraction and oxygen isotope analysis
Residues from the lipid extraction were used for cellulose extraction. 
Before extraction, the moss material was separated from the diatoma-
ce ous earth. Cellulose was isolated according to Leavitt and Danzer 
(1993), folding about 1 g extracted moss material in 3.5 mm glass 
fiber filters, and tying up with nylon wire. After the extraction steps, 
these pouches were dried in a stove overnight. Dry moss samples were 
stored in glass flasks. Samples were converted to CO using a high 
temperature (1450 ̊C) pyrolysis oven. Oxygen isotope composition was 
analysed on line using irms (Finnigan Delta plus) with benzoic acid 
(+23.3‰ vsmow) and iaea cellulose (+31.9‰ vsmow) as internal 
standards. International cellulose standards are lacking because of the 
hygroscopy of cellulose. International solid oxygen standards of sulfate, 
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nitrate and phosphate do not match on the Utrecht tc/ea-Delta plus, 
since respective calibrations differ by several ‰. Our iaea-C-3 and 
weighed samples are always stored in a desiccator until measurement 
and it is assumed that the previously calibrated +31.9‰ vsmow has 
remained constant over the storage period. All cellulose samples have 
been calibrated against this value. 

Carbon isotope analysis of bulk samples
From (non-extracted) bulk Sphagnum leaves, carbon isotope ratios were 
determined using ea/irms. Ground Sphagnum leaves and branches 
were wrapped in Sn cups. The samples prepared were relatively large, 
covering for possible inhomogeneity of the samples. The samples were 
placed in an autosampler together with our laboratory standard Graphite 
Quartsite, which in turn was calibrated with the 2 international stan-
dards usgs24 (graphite, δ13C -16‰) and iaea-ch-7 (Polyethylene, 
δ13C -31.8‰). Samples were oxidized at 950 ̊C. The reducing reactor 
was set to 680 ̊C. The CO2 gas produced was diluted ten times and 
measured with a Finnigan DeltaPlusxp mass spectrometer, using 
calibrated CO2 as reference gas. Standard deviation for replicate 
measurements of the three standards was ±0.05‰.

2.3 Results

For all species, growth was greatest at the natural water level (Figure 
2.2). A significant growth difference between wet and dry conditions 
was observed in S. fallax. Evaporation varied between 42 and 87 ml 
per week, with the greatest evaporation at the high water tables. Still, 
variation in evaporation was greater among the species than among 
the water tables within 1 species (Figure 2.3). The variation in evapo-
ration was significant, though only 2 data points per species and water 
level were measured for evaporation. For all other parameters, the data 
obtained from the samples grown in the containers and in the individual 
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Figure 2.2  Height increment per species after 16 weeks. For details of wet and dry conditions, 
see Table 2.1. Error bars represent standard error.

Figure 2.3  Weekly evaporation (average of 16 weekly measurements). Only two duplicates 
per species/treatment were measured. For details of wet and dry conditions, see Table 2.1. 
Error bars represent standard error.

Growth after 16 weeks

Average evaporation

cm

ml/week



Chapter 2  
Fractionation of hydrogen, oxygen and carbon isotopes in n-alkanes and  

cellulose of three Sphagnum species

44

cylinders were pooled, since there was no difference in ground water 
access or precipitation between the two sample sets. 

The δD values of the C21 and C23 n-alkanes showed similar 
patterns, with significant differences among the three Sphagnum 
species (Figures 2.4a and 2.4b). For these alkanes, the strongest 
depletion occurred in S. fallax: this species was around 20‰ depleted 
compared to the other species. The C25 n-alkanes showed a less 
distinct pattern: S. fallax and S. magellanicum both had δD values 
around -192‰, whereas S. rubellum values were around -180‰ 
(Figure 2.4c). Within all species, the ground water level had no 
significant effect on the δD values of the C21, C23 and C25 n-alkanes.

All δD values of the n-alkanes were strongly negative compared to the 
δD value of the rainwater (-56‰ vsmow). The average δD value of 
the C23 n-alkane was -184‰ in S. fallax, -166‰ in S. magellanicum, 
and -154‰ in S. rubellum, a depletion of -128‰ to -98‰. The greatest 
depletion occurred in S. fallax, the species that naturally grows under 
the most waterlogged conditions. 

Carbon isotope fractionation in the C23 n-alkane (Figure 2.5) was 
also species-dependent. The least depletion occurred in S. fallax, the 
wettest species, although the species dependence of the variation was 
less distinct than for the hydrogen isotopes. S. fallax was significantly 
less depleted in 13C than S. magellanicum and S. rubellum.  

If both δD and δ13C of C23 n-alkanes are plotted in one graph (Figure 
2.6), each species displays a characteristic combination of these two 
isotope ratios. S. fallax shows a combination of relatively positive 
carbon and relatively negative hydrogen isotopes. Although the range 
of δ13C of S. magellanicum and S. rubellum overlaps, these species have 
a dissimilar range of δD, so that the data points of each species occur 
in a distinctive field in the plot.
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Figure 2.4a δD values of C21 n-alkanes for three Sphagnum species. For details of wet and 
dry conditions, see Table 2.1. δD value of the artificial rainwater was -56‰ vsmow. Error 
bars represent standard error.

Figure 2.4b δD values of C23 n-alkanes for three Sphagnum species. For details of wet and 
dry conditions, see Table 2.1. δD value of the artificial rainwater was -56‰ vsmow. Error 
bars represent standard error.

δD of C21 n-alkanes per species at wet and dry conditions

δD of C23 n-alkanes per species at wet and dry conditions

δd  
vsmow

δd  
vsmow



Chapter 2  
Fractionation of hydrogen, oxygen and carbon isotopes in n-alkanes and  

cellulose of three Sphagnum species

46

S. rubellum 
wet

S. fallax 
dry

S. fallax 
wet

S. mag.
dry 

S. mag.
wet 

S. rubellum 
dry

S. fallax 
dry

S. fallax 
wet

S. mag.
dry 

S. mag.
wet 

S. rubellum 
dry

S. rubellum 
wet

S. fallax 
dry

S. fallax 
wet

S. mag.
dry 

S. mag.
wet 

S. rubellum 
dry

S. rubellum 
wet

S. fallax 
dry

S. fallax 
wet

S. mag.
dry 

S. mag.
wet 

S. rubellum 
dry

S. rubellum 
wet

S. fallax 
dry

S. fallax 
wet

S. mag.
dry 

S. mag.
wet 

S. rubellum 
dry

S. rubellum 
wet

S. fallax 
dry

S. fallax 
wet

S. mag.
dry 

S. mag.
wet 

S. rubellum 
dry

S. rubellum 
wet

12

10

8

6

4

2

0

0

20

40

60

80

100

S. fallax 
dry

S. fallax 
wet

S. mag.
dry 

S. mag.
wet 

S. rubellum 
dry

S. rubellum 
wet

S. fallax 
dry

S. fallax 
wet

S. mag.
dry 

S. mag.
wet 

S. rubellum 
dry

S. rubellum 
wet

-200

-195

-190

-185

-180

-175

-170

-165

-160

-155

-150

-200

-195

-190

-185

-180

-175

-170

-165

-160

-155

-150

-200

-195

-190

-185

-180

-175

-170

-165

-160

-155

-150

-44

-42

-40

-38

-36

-34

-32

-30

-28

-26

-24

-31

-30

-29

-28

-27

-26

-25

-24

16

17

18

19

20

21

22

-43

-41

-39

-37

-35

-200 -190 -180 -170 -160

S. fallax

S. magellanicum

S. rubellum

Figure 2.4c δD values of C25 n-alkanes for three Sphagnum species. For details of wet and 
dry conditions, see Table 2.1. The δD value of the artificial rainwater was -56‰ vsmow. 
Error bars represent standard error.
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Figure 2.7 δ13C values of bulk samples of three Sphagnum species. For details of wet and dry 
conditions, see Table 2.1. Error bars represent standard error.
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Figure 2.8 δ18O values of cellulose from three Sphagnum species. For details of wet and dry 
conditions, see Table 2.1. Error bars represent standard error.
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The δ13C values of the bulk Sphagnum samples showed a conside rable 
variation among the species, with values between -26.2 and -30.1‰. 
The wet growing samples of S. fallax and S. rubellum were significan-
tly less depleted in 13C than the samples grown under dry conditions 
(Figure 2.7).

Oxygen isotope fractionation in the cellulose of the Sphagna was 
similar for all species and all water levels (Figure 2.8). The average 
δ18O value was +20.2‰. This represents an enrichment of +28.5‰, 
as the δ18O value of the rainwater was -8.3‰.

2.4 Discussion

The results indicate that the δD values of the C21-25 n-alkanes and 
δ13C values of both bulk om and C23 n-alkanes of Sphagnum moss are 
species dependent, whereas the δ18O values of cellulose are similar for 
all 3 species. Here, we shall discuss possible causes and consequences 
of the characteristic fractionation in the species and compounds of 
Sphagnum. 

2.4.1 Environmental factors
In many studies, the variation in H and O isotope ratios among 
Sphagnum species that originate from the same area is attributed to 
differences in evaporation between hummocks and hollows 
(Brenninkmeijer et al. 1982; Dupont and Mook, 1987; Aravena and 
Warner, 1992; Zanazzi and Mora, 2005). The isotopically light water 
evaporates slightly more readily, leaving heavier water behind in the 
bog. Yet, in this study, with its regular weekly water regime, there was 
no effect of variable evaporation on the oxygen isotope values of cellu-
lose. The positive oxygen isotope enrichment of 28.5‰ is within the 
range found previously, where water-cellulose enrichment is usually 
+27‰ ± 3‰ on top of the original source water value (Epstein et al. 
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1977; DeNiro and Epstein, 1981; Aucour et al. 1996). For the δD 
values of the n-alkanes, the relation to the water source was variable 
per species but, within individual species, an increase in evaporation 
had almost no effect on the δD values. Among the species in the 
experi ment, S. fallax had the lightest isotope values, together with  
the highest evaporation rates. In other words, within the species, 
evaporation and H isotopes do not correlate and among species, the 
correlation is negative. Therefore, evaporation cannot be the cause  
of the variation in H isotope enrichment among the species. 

The water level affected growth rate within species, but the variable 
growth rates did not affect the δD and δ18O values within one species. 
Both S. fallax and S. rubellum have strongly divergent growth rates in 
wet and dry conditions, but their δD, δ18O values are similar within 
the species. The carbon isotope values of both bulk om and C23 
n-alkanes do significantly differ between the humidity regimes for S. 
fallax and S. rubellum. However, growth rates are not likely to have 
caused these differences. For S. fallax, the strongest growth goes 
together with the highest δ13C values, whereas for S. rubellum, the 
strongest growth occurs in the samples that are most depleted in 13C. 
Earlier studies have indicated that increased photosynthetic activity 
causes 13C depletion, since rubisco prefers lighter CO2 in the case  
of unlimited CO2 access. Williams and Flanagan (1996) showed that 
discrimination against 13CO2 and C18O16O increases as Sphagnum 
becomes less hydrated. In our experimental setup the samples grown 
under the driest conditions are indeed most depleted in carbon 
isotopes, but for oxygen, the water regime is not a modifying factor. 
The limited effect of the water regime in this study indicates that the 
water regime used was not fully restrictive. A future study using a 
more stressful water regime should give a more definitive answer to 
the impact of dehydration on isotopic fractionation in Sphagnum.

Bulk om δ13C values varied between -26.2 and -30.0‰ between 
the species. These isotope values are relatively negative, considering 
the transport of CO2 is limited by diffusion. An external source of 
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isotopically light carbon probably contributed to the low δ13C values 
in the bulk om of the samples. Peat bogs store isotopically light CH4 
gas. Raghoebarsing et al. (2005) showed that symbiotic methanotro-
phic bacteria in Sphaghnum species can provide a source of isotopically 
light carbon for these species, since part of the CO2 generated during 
CH4 oxidation is directly fixed by Sphagnum. The bulk om δ13C values 
correspond to the δ13C values of -26‰ reported by Raghoebarsing et 
al. (2005). The mass balance explaining this relatively negative δ13C 
comprises 3 factors, namely dissolved CO2, respired CH4 and discri-
m    i nation against 13C during CO2 fixation. The contribution of CH4  
to Sphagnum carbon is between 5 and 20%, if a fractionation effect of 
7 ±3‰ is assumed for the diffusive uptake of CO2 by the plant (Keeley 
and Sandquist, 1992).

Although all samples were grown under equal conditions, the species 
may have a dissimilar autecology. Environmental factors can trigger 
specific reactions in individual Sphagnum species (Gerdol, 1995). For 
example, some Sphagna temporarily stop growing when the summer 
is too dry, whereas other species grow during the entire season. Each 
species has its specific morphology and physiology, related to, for 
example, water holding capacity, hydrological system and uronic acid 
content. These go together with species specific preferred humidity 
conditions, and divergent responses to a given water regime. The design 
of the wetter species results in a low water holding capacity (Titus and 
Wagner, 1984). However, as these species naturally grow submerged, 
they do not need such a morphological feature for evolutionary success. 
Growing under water allows significant hydrogen isotope fractionation, 
as the water pool provides unlimited access to the favoured light H 
isotope. The waterlogged hyaline cells do not allow significant carbon 
isotope depletion, because CO2 diffusion is limited in the water. The 
design of the dryer species provides a high water holding capacity, 
resulting in lower H fractionation, as the water in the hyaline cells is 
maximally used, and scarcely replenished. At the same time, carbon 
fractionation may be lower because of the abundant atmospheric CO2 
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source. Therefore, the species’ autecology might explain the species 
specific combination of low δD values, and relatively high δ13C values 
in the C23 n-alkanes. Still, these morphological traits and corresponding 
humidity conditions cannot fully account for the fact that this species-
specific effect is different in the n-alkanes, compared to the cellulose 
or bulk om. Furthermore, the depletion of H was equal amongst the 
wet and dry grown S. fallax samples, making this fractionation more  
a matter of water processing, rather than water and access.

2.4.2 Biosynthesis
Species-specific fractionation occurs in the H of n-alkanes and in the 
C of C23 n-alkanes, but not in the O of the cellulose. Furthermore, the 
C23 n-alkanes are over 10‰ stronger depleted in δ13C than the bulk 
om. Therefore, biosynthesis of the lipids probably underlies the 
fractio nation in the n-alkanes. Each species might have an individual 
internal biochemical pathway for n-alkane synthesis. Sessions et al. 
(1999) found that biosynthetically related compounds (e.g. n-alkanes) 
can differ substantially in δD values in different organisms, despite 
growing in water with the same hydrogen isotope composition.

Fractionation between -100 to -250‰ vs. source water is normal  
for photoautotrophs (Sessions et al. 1999; Zhang et al. 2009), and our 
measurements are within that range. Differences in lipid trafficking 
during biosynthesis could cause a divergence in δD values among the 
species. In the chloroplast the C16 and C18 acids are biosynthesized 
from mevalonic acid and acetic acid. However, the chain lengthening 
occurs in other parts of the plant, often during other periods and with 
an isotopically different acetic acid source (Moreau et al. 1998). 
nad(p)h is thought to be one of the most important H sources for 
lipid biosynthesis (Zhang et al. 2009). This means that, during the 
biosyn thetic pathway, different carbon and nadph sources with their 
own specific isotope ratio values are being used. Hence, central 
metabolic processes play a major part in the vast differences in D/H 
ratio values that have been found among organisms with different 
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growth conditions. It is likely that the moderate variation that we 
found among the species within one genus is also caused by different 
biosynthetic pathways, each applying different nad(p)h sources. The 
fractionation patterns in the different n-alkanes (Figures 2.4 a-c) 
further support this.

2.4.3 Implications for palaeoclimate studies
Oxygen fractionation in cellulose seems robust among different 
Sphagnum species. However, cellulose cannot be extracted from bulk 
peat samples, as peat consists of many other plant species, which may 
have different oxygen isotope fractionation patterns (Brenninkmeijer et 
al. 1982). On top of that, roots from vascular plants may grow down 
core, resulting in peat core levels composed of plant material from 
different time periods. Moreover, Moschen et al. (2009) showed that 
stems and branches of the same Sphagnum plant have divergent δ18O 
values. The solution, picking Sphagnum leaves from the bulk material, 
is a time-consuming job, even if Sphagnum species identification is not 
necessary.

An advantage of n-alkanes over cellulose is that their chain-length 
distribution corresponds with the composition of the vegetation (Baas 
et al. 2000; Nott et al. 2000; Pancost et al. 2002; Sachse et al. 2006). 
The C23 n-alkane is thought to be a biomarker for the genus Sphagnum, 
occuring less abundantly in vascular plants, so that C23 n-alkane can be 
extracted from bulk samples. On the other hand, the species compo-
sition within the Sphagnum genus is difficult to reconstruct from the 
n-alkane distribution, as most species contain an increased relative 
abundance of the C23 n-alkane (Nott et al. 2000). With a microscope, 
only a few Sphagna can be identified at the species level, but most can 
be assigned to their group. As we measured only 1 species per group, 
it is not clear from our study if the differences in δD are typical for 1 
species, or characteristic of the entire group. 

Species composition is an important factor contributing to the δD 
values in a peat core. The difference in δD values between the species 
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is >30‰, which is as large as the difference between δD in the preci-
pi tation of the Netherlands (warm-temperate) and mid-Sweden (cool-
temperate). Since the differences are so large and species specific, it is 
important to identify the exact species composition of the peat samples 
in a palaeoclimate study. However, as the variation between the species 
occurs within a known margin, this tool may not be applicable as a 
single proxy in high-resolution studies. Still in multi-proxy studies or 
on a more coarse scale, the hydrogen isotope analysis of C23 n-alkanes 
can add valuable information. Peat cores from raised bogs are often 
used in climate reconstructions of the Holocene. However, climate 
changes during the Holocene are generally modest, stressing the impor-
tance of having the signal of the isotopes in precipitation as precise as 
possible. Ideally, a palaeoclimate study of the Holocene should con-
cen trate on samples from 1 single species of Sphagnum. In actual 
practice this is not always feasible, since it is very time consuming to 
pick a single-species Sphagnum sample (if possible at all) that is large 
enough for lipid extraction. Moreover, the species composition of a bog 
surface may change as the climate changes (Breeuwer et al. 2008).  
A combination of δD and δ13C values of C23 n-alkane could give 
valuable information on the species composition of a bog sample, 
since the different species seem to have a unique combined isotope 
signature (see Figure 2.6). By determining the species composition in 
this way the isotope values could thus be used to reconstruct climate 
features.

2.5 Conclusions

In conclusion, this study stresses the importance of a known Sphaghum 
species composition when stable isotopes from n-alkanes are used as a 
proxy in palaeoclimate studies. Still, the δD value from C23 n-alkanes 
seems a useful tool in palaeoclimate studies. It registers the δD value 
from the water consistently. Hence, the hydrogen isotope composition of 
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bog precipitation can be reconstructed, though species composition and 
photosynthesis must be taken into account. A combined measure ment 
of δD and δ13C values seems promising as it gives more infor ma tion 
on the species composition of the bog. 
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Abstract

Hydrogen and oxygen isotope ratios of Sphagnum moss compounds 
have been suggested as potential proxies for isotope ratios of local 
precipitation. Yet, for a reliable reconstruction of the isotope signature 
of precipitation, it is important to determine the accuracy of Sphagnum 
compounds as recorders of isotope ratios of local precipitation. An 
earlier greenhouse study demonstrated substantial differences in 
biochemical fractionation between three Sphagnum sections. To see 
whether this is also the case under field conditions, we analyzed a set 
of 31 Sphagnum moss samples from 15 European bogs. The field data 
set shows that the isotopic composition of precipitation is registered in 
the compounds of Sphagnum moss, with section-specific fractionation 
values that are almost equal to those in the greenhouse experiment. 
The greenhouse experiment demonstrated that evaporation of bog 
water does not affect the δD of the C23 n-alkane in Sphagnum, and the 
corresponding values in the field samples make it likely that the same 
holds for the field situation. Thus, the δD values of C23 n-alkane 
provides a reliable and robust proxy for precipitation isotope ratios, 
especially with samples from the Cuspidata and Sphagnum sections 
and correction for section-specific fractionation. 

3.1 Introduction

Ombrotrophic peatlands are often used as archives of Holocene climate 
change on land (e.g. Aaby, 1976; van Geel and Middeldorp, 1988; 
Barber et al. 1998; Blackford, 2000), being an accumulation of well-
preserved organic material in chronological order. As precipitation is 
the only source of water and nutrients in these ecosystems (Overbeck, 
1975), there is a close relationship between atmospheric factors and 
peatland humidity conditions.
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Compound-specific studies of Sphagnum moss - the main builder  
of boreal peatlands - have proposed many biomarkers as proxies for 
peatland characteristics (Pancost et al. 2002; Nichols et al. 2007; van 
Winden et al. 2010; Bingam et al. 2011; McClymont et al. 2011). 
Because of its relatively high concentration in Sphagnum moss the C23 
n-alkane is considered to mainly represent Sphagnum in peat (Baas et 
al. 2000; Nott et al. 2000; Bingham et al. 2009). Thus, the relative 
specificity of the stable hydrogen isotopic composition of n-C23 has 
been applied for the reconstruction of both local and regional palaeo-
hy dro logical regimes (e.g. Xie et al. 2000).

In a recent study, Nichols et al. (2010) used the hydrogen isotope 
ratios of n-C23 (representative of Sphagnum moss) and n-C29 (represen-
tative of vascular plants) to discriminate between so called ‘Sphagnum 
water’ and ‘acrotelm water’, thereby proposing a quantitative proxy for 
the precipitation-evaporation balance. In that study a correlation was 
found between δD of n-C23 and the δD value of ‘Sphagnum water’  
(R2 = 0.95), based on 18 Midwestern peatland samples in the US. 
However, Brader et al. (2010) noted that during a well-controlled 
green  house experiment, different Sphagnum species displayed sig nifi-
cantly different δD values when grown under exactly the same condi-
tions, implying that the reconstruction of δD of Sphagnum water was 
not straightforward if the Sphagnum species composition was not taken 
into account. Still, the results from the controlled growth experiment 
did not necessarily fully represent field conditions. To verify whether 
the variance among different Sphagnum species also exists in a field 
situation, we have performed a study based on 31 surface samples from 
15 ombrotrophic peatlands all over Europe, determining compound 
specific δD and δ18O values of individual Sphagnum species from these 
peats. We investigated whether isotope ratios in individual Sphagnum 
moss compounds were related to the average isotopic composition of 
the precipitation and Sphagnum water, and thus to the climate condi-
tions at the sampling site. 
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Average yearly H and O isotope values of precipitation are geograph-
ically distributed according to a particular pattern. For Europe, this 
means that these values become lighter over a gradient from southwest 
to north/northeast (Figure 3.1). The gradient is explained by Rayleigh 
fractionation: ocean water evaporates around the equator, and water 
vapour travels northwards through the atmosphere. When, along the 
way, part of the water vapor condenses and precipitates, the heaviest 
isotopes are more likely to precipitate first, leaving an ever larger frac-
tion of light H and O isotopes in the atmosphere as latitude increases 
(Dansgaard, 1964; Gat, 1996; Ménot-Combes et al. 2002). This 
enrichment in lighter isotope values increases further in an easterly 
direction with increasing distance from the North Atlantic (Alley and 
Cuffey, 2001). Depending on geographical location, different factors 
can affect the isotope ratios of precipitation: temperature, wind and 
seasonality (Schiegl, 1972; Epstein et al. 1977; Rozanski et al. 1992; 
Araguás-Araguás et al. 2000), as well as the amount of precipitation 
(Dansgaard, 1964; Ramesh et al. 1986; Schefuss et al. 2005). Still,  
in temperate regions, the pattern correlates most strongely with temp-
era ture (Dansgaard, 1964; Gat, 1980; Rozanski et al. 1992, 1993; 
Araguás - Araguás, 2000).

In most applications of stable isotopes for peat-based palaeoclimate 
reconstruction, it is assumed that isotope ratios of precipitation are 
directly registered in the Sphagnum compounds. However, since a 
large biosynthetic fractionation is involved, determining the accuracy 
of Sphagnum moss biomarkers as recorders of the isotopic values of 
precipitation is crucial for the reliable application of the proxy. It is 
fundamental to know whether a proxy signal corresponds, with a 
known and constant offset, with its source. Deviations in this offset 
and uncertainties need to be known prior to down core application. 
Using a large experimental data set we have tried to gain more insight 
into the compound-specific H and O isotope ratio values for Sphagnum 
moss related compounds as proxies for water isotope values and sub-
sequently for palaeoclimate reconstruction. 
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Figure 3.1 Annual δD distribution for Europe (IAEA, 2001). Numbers 1-15 represent the 
sampling locations. For details of the samples, see table 3.1. 
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3.2 Methods

3.2.1 Sample collection
A number of mono-specific Sphagnum surface samples (31) were 
hand-picked from 15 European bog locations (Figure 3.1; Table 3.1). 
Although not all locations were raised bogs, all samples originate from 
purely rainwater fed systems, which implies that groundwater did not 
affect the isotopic composition at the sampling location. The fresh 
samples were wrapped in plastic bags and transported to the lab, where 
the species and their sections were identified, following the nomen-
clature of Smith (2004). Sections are genetically and morphologically 
connected groups within the Sphagnum genus (Shaw, 2000).  Cuspidata, 
Sphagnum and Acutifolia are the dominant sections in raised bogs, 
where mosses of the first section mainly grow in wet hollows. Species 
of the section Sphagnum inhabit the intermediately wet and species of 
the section Acutifolia preferably grow on the relatively dry hummocks 
(Rydin and Jeglum, 2006). The samples were gently squeezed to 
collect the water pending on the mosses, the so-called Sphagnum water 
in glass vials. All samples were freeze-dried before further handling. 

3.2.2 Isotope measurements 

Lipid extraction
Freeze-dried Sphagnum samples were ground manually in a mortar, 
mixed with diatomaceous earth and extracted using an accelerated 
solvent extractor (Dionex), with a mixture of dichloromethane (dcm) 
and meoh (9 : 1 v/v). The extracts were dried via rotary evaporation 
under vacuum until near dryness. They were separated into apolar and 
polar fractions using column chromatography with activated Al2O3, 
using hexane : dcm (9 : 1 v/v) and dcm : meoh (1 : 1 v/v) respectively. 
The apolar fractions were evaporated under a continuous N2 flow and 
dissolved in hexane.
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Gas chromatography (gc) and gas chromatography - mass spectrometry 
(gc/ms)
The apolar fractions were analyzed with a hp gas chromatograph 
equip  ped with a flame ionization detector (fid) at constant pressure 
(100 kPa). A fused silica column (30 m x 0.32 mm i.d., film thickness 
0.1 μm) coated with cp Sil-5CB was used with He as carrier gas. 
Samples were injected on-column at 70˚C. The temperature program-
me was: 70 to 130 ̊C at 20 ̊C/min, then to 320 ̊C (held 20 min) at 
4 ̊C/min. The n-alkanes were assigned using gc/ms (Thermo Trace 
gc Ultra) with the same column and heating programme as for gc. 

Hydrogen isotope ratio measurement (gc/irms)
Compound-specific δD values were determined by way of gc/irms, 
using a ThermoFinnigan Delta-Plus xp mass spectrometer. The same 
column and heating programme were used as for gc and gc/ms. 
Isotope ratio values were based on duplicate analyses of well-resolved 
peaks and represent average values.

For δD analysis, the H3
+ factor was determined before every run 

and varied between 4.4 and 6.0 ppm na-1. A mixture of C17-C25 
alkanes with known isotope composition (Schimmelman C standard) 
was measured daily before and after the samples. The average offset 
between the measured hydrogen isotope composition of the alkanes 
and values determined off-line was 20.18‰. The average standard 
deviation over the whole analytical period was 6‰. The measured 
isotope composition of the different alkanes was corrected to account 
for the offset vs. the Schimmelman standard. The hydrogen isotopic 
composition of one sample was measured six times to check internal 
precision. The standard deviation in the δD value of the n-C23 in the 
standard was <1‰. All duplicates showed an offset of <5‰. The 
hydrogen and oxygen isotope ratios are expressed relative to Vienna 
Standard Mean Ocean Water (vsmow).
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Cellulose extraction and oxygen isotope ratio measurement
Residues after solvent extraction were used for cellulose extraction. 
Before extraction, the moss material was separated from the diato  ma-
ceous earth. Cellulose was isolated according to Leavitt and Danzer 
(1993), folding ca. 1 g of extracted moss material in 3.5 mm glass 
fiber filters and tying the sample up with nylon wire. After the extrac-
tion steps, the pouches were dried in a stove at 70˚C overnight. Dry 
moss samples were stored in glass flasks. Samples were converted to 
CO using a high temperature (1450 ̊C) pyrolysis oven. The isotope 
com   po si tion was analyzed on line with an irms instrument (Finnigan 
Delta plus) using benzoic acid (+23.3‰ vsmow) and iaea cellulose 
(+31.85 ‰ vsmow) as internal standards. International cellulose 
standards are lacking because of the hygroscopicity of cellulose. 
International solid oxygen standards of sulfate, nitrate and phosphate 
do not match on the Utrecht tc/ea-Deltaplus, since respective 
calibra tions differ by several ‰. Our iaea-C-3 and weighed samples 
are always stored in an exsiccator until measurement and it is assumed 
that the previously calibrated +31.85‰ vsmow has remained 
constant over the storage period. All cellulose samples were calibrated 
against this value.

3.2.3 Isotopes in local precipitation and bog water
Local isotope data from precipitation were calculated from the  
www.waterisotopes.org program. This online tool, based on the iaea/
wmo Global Network of Isotopes in Precipitation, robustly estimates 
the modern mean annual deuterium and oxygen isotope composition 
of a specified location, with an average error of ca. 2.5% of the global 
range (Bowen and Ravenaugh, 2003). The calculated interpolations 
correspond to the Global Meteorological Water Line (gmwl). The 
δD of the Sphagnum water was measured with the tc/ea-Deltaplus. 
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3.2.4 Meteorological data
Local meteorological data were obtained from national meteorological 
institutes. Field data were used from the field station closest to the 
sampling location. 

3.3 Results

Relevant environmental data from the sites and the analyses performed 
are listed in Table 3.1. δD values of n-alkanes from C17 to C31 were 
determined for all compounds with a concentration high enough for 
reliable analysis. In accord with earlier studies (Nott et al. 2000; Bingham 
et al. 2010), we found that the occurrence and abundance of the 
n-alkanes strongly depends on the Sphagnum species. In all samples 
the odd n-alkanes dominated, albeit with different abundances. In all 
samples the C23 and C25 were present in sufficient concentration to 
allow reliable δD measurements. C23 is the preferred n-alkane for 
peat-based palaeoclimate studies (Baas et al. 2000; Nott et al. 2000; 
Pancost et al. 2002; Sachse et al. 2006), as it is the most abundant 
n-alkane in many Sphagnum spp., while the other n-alkanes also occur 
in appreciable concentrations in vascular plants. For these reasons, 
our main focus was on C23. 

3.3.1 Isotope ratios in rainwater and Sphagnum water
Local average rainwater hydrogen isotope values were plotted against 
the isotope values for the Sphagnum water of 19 samples (Figure 3.2). 
The other samples were not measured since their plastic wrapping 
showed small leaks. Sphagnum water enrichment through evaporation 
was ca. 47‰ on all locations (R2 0.81) in our data set, irrespective of 
the average year temperature or the total yearly amount of precipitation.
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Figure 3.2 Sphagnum water enrichment in relation to the hydrogen isotope ratios of local 
precipitation. 19 samples; 11 locations. The narrow line represents an outlier in the dataset, as 
the bog water is more negative than the precipitation. This datapoint was not incorporated in 
the equation and R2.
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Location NL EL Alt.
δD 

precip.
δ18O 

precip.

T  
˚C / 
year

mm 
prec /
year

δ18O 
cellu-
lose

δD 
C21 

n-alkane

δD 
C23 

n-alkane

δD 
C25 

n-alkane

δD 
C27 

n-alkane

δD 
C29 

n-alkane

δD 
C31 

n-alkane

δD
Sphagnum 

water species section

1 N-Finland 68.90 27.00 130 -102 -13.7 1 457 14.6 -253 -257 -254 - - - -71 cuspidatum Cuspidata
  68.90 27.00 130 -102 -13.7 1 457 17.1 -213 -222 -231 - - -284  magellanicum Sphagnum
  68.90 27.00 130 -102 -13.7 1 457 19.2 -216 -211 -224 -227 -210 -  capillifolium Acutifolia

2 Abisko, N-Sweden 68.35 18.83 388 -107 -14.5 1 352 16.1 -223 -233 -231 - - - -83 lindbergii Cuspidata
  68.35 18,83 388 -107 -14.5 1 352 15.1 -221 -216 -228 -225 - - -64 capillifolium Acutifolia

3 Faroe Islands 62.06 -7.28 123 -80 -11.0 7 1437 22.2 -133 -151 -166 -149 - - -28 palustre Sphagnum

4 S-Norway 59.34 7.27 553 -83 -11.4 1 764 19.0 - -199 -195 - - - -34 palustre Sphagnum

5 Estonia 58.71 25.49 66 -83 -11.3 5 443 19.3 -227 -222 -219 - - -  cuspidatum Cuspidata
  58.71 25.49 66 -83 -11.3 5 443 20.7 - -179 -194 -171 -166 -169  magellanicum Sphagnum
  58.71 25.49 66 -83 -11.3 5 443 17.1 - -196 -180 -184 -187 -  rubellum Acutifolia

6 E-Scotland 58.40 -3.20 118 -73 -10.2 8 689 19.7 -182 -192 -184 - - -177 -33 papillosum Sphagnum

7 W-Scotland 57.90 -5.17 4 -70 -9.8 9 1291 18.7 -187 -190 -167 - - - -30 fallax Cuspidata
  57.90 -5.17 4 -70 -9.8 9 1291 19.7 - -169 -172 - -156 - -21 papillosum Sphagnum
  57.90 -5.17 4 -70 -9.8 9 1291 20.0 - -161 -180 -169 - -161 -41 quinquefarium Acutifolia

8 Walton Moss UK 54.99 -2.80 97 -64 -9.1 6 2112 22.0 - -148 -171 - - -174 -28 magellanicum Sphagnum
  54.99 -2.80 97 -64 -9.1 6 2112 22.2 - -172 -182 - - - -31 subnitens Acutifolia

9 Moorhouse UK 54.40 -2.20 430 -67 -9.6 6 2112 19.2 - -194 -179 - - - -31 cuspidatum Cuspidata
  54.40 -2.20 430 -67 -9.6 6 2112 19.4 -183 -185 -173 -150 -156 -185 -31 papillosum Sphagnum
  54.40 -2.20 430 -67 -9.6 6 2112 17.1 - -155 -159 - - - -31 subnitens Acutifolia

10 Clara Bog, Ireland 53.34 -7.61 77 -57 -8.2 10 713 22.3 - -173 -160 - - -  cuspidatum Cuspidata
  53.34 -7.61 77 -57 -8.2 10 713 20.4 - -163 -176 -140 - -  magellanicum Sphagnum
  53.34 -7.61 77 -57 -8.2 10 713 20.9 - -159 -169 -161 -161 -  rubellum Acutifolia

11 Bargerveen, 52.69 7.03 19 -59 -8.5 10 705 19.6 -176 -182 -179 -189 -177 -  cuspidatum Cuspidata
  Netherlands 52.69 7.03 19 -59 -8.5 10 705 20.3 - -155 -184 -197 -166 -170  magellanicum Sphagnum

  52.69 7.03 19 -59 -85 10 705 20.8 - -152 -171 -164 -203 -169  capillifolium Acutifolia

12 NW-Germany 52.76 8.81 46 -61 -8.7 9 614 19.3 -174 -184 -173 -159 - -  magellanicum Sphagnum

13 Hautes Fagnes,  
Belgium

50.60 6.16 621 -63 -9.2 10 1600 17.6 -169 -198 -204 -208 - - -12 fallax Cuspidata

14 Jura, France 46.51 5.85 907 -60 -8.9 6 1732 22.5 - -165 -183 -193 - - -15 subnitens Acutifolia
  46.51 5.87 907 -60 -8.9 6 1732 20.2 - -162 -184 -176 - - -12 capillifolium Acutifolia

15 NE-Italy 46.78 12.01 981 -62 -9.3 6 708 21.2 - -177 -191 -188 - -160 -36 fuscum Acutifolia
  46.87 12.03 1936 -76 -11.1 6 708 20.1 - -159 -162 -179 - - -88 subnitens Acutifolia

Table 3.1 Location, meteorological and isotope data of 31 Sphagnum field samples,  collected 
in 15 European bogs.
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Location NL EL Alt.
δD 

precip.
δ18O 

precip.

T  
˚C / 
year

mm 
prec /
year

δ18O 
cellu-
lose

δD 
C21 

n-alkane

δD 
C23 

n-alkane

δD 
C25 

n-alkane

δD 
C27 

n-alkane

δD 
C29 

n-alkane

δD 
C31 

n-alkane

δD
Sphagnum 

water species section

1 N-Finland 68.90 27.00 130 -102 -13.7 1 457 14.6 -253 -257 -254 - - - -71 cuspidatum Cuspidata
  68.90 27.00 130 -102 -13.7 1 457 17.1 -213 -222 -231 - - -284  magellanicum Sphagnum
  68.90 27.00 130 -102 -13.7 1 457 19.2 -216 -211 -224 -227 -210 -  capillifolium Acutifolia

2 Abisko, N-Sweden 68.35 18.83 388 -107 -14.5 1 352 16.1 -223 -233 -231 - - - -83 lindbergii Cuspidata
  68.35 18,83 388 -107 -14.5 1 352 15.1 -221 -216 -228 -225 - - -64 capillifolium Acutifolia

3 Faroe Islands 62.06 -7.28 123 -80 -11.0 7 1437 22.2 -133 -151 -166 -149 - - -28 palustre Sphagnum

4 S-Norway 59.34 7.27 553 -83 -11.4 1 764 19.0 - -199 -195 - - - -34 palustre Sphagnum

5 Estonia 58.71 25.49 66 -83 -11.3 5 443 19.3 -227 -222 -219 - - -  cuspidatum Cuspidata
  58.71 25.49 66 -83 -11.3 5 443 20.7 - -179 -194 -171 -166 -169  magellanicum Sphagnum
  58.71 25.49 66 -83 -11.3 5 443 17.1 - -196 -180 -184 -187 -  rubellum Acutifolia

6 E-Scotland 58.40 -3.20 118 -73 -10.2 8 689 19.7 -182 -192 -184 - - -177 -33 papillosum Sphagnum

7 W-Scotland 57.90 -5.17 4 -70 -9.8 9 1291 18.7 -187 -190 -167 - - - -30 fallax Cuspidata
  57.90 -5.17 4 -70 -9.8 9 1291 19.7 - -169 -172 - -156 - -21 papillosum Sphagnum
  57.90 -5.17 4 -70 -9.8 9 1291 20.0 - -161 -180 -169 - -161 -41 quinquefarium Acutifolia

8 Walton Moss UK 54.99 -2.80 97 -64 -9.1 6 2112 22.0 - -148 -171 - - -174 -28 magellanicum Sphagnum
  54.99 -2.80 97 -64 -9.1 6 2112 22.2 - -172 -182 - - - -31 subnitens Acutifolia

9 Moorhouse UK 54.40 -2.20 430 -67 -9.6 6 2112 19.2 - -194 -179 - - - -31 cuspidatum Cuspidata
  54.40 -2.20 430 -67 -9.6 6 2112 19.4 -183 -185 -173 -150 -156 -185 -31 papillosum Sphagnum
  54.40 -2.20 430 -67 -9.6 6 2112 17.1 - -155 -159 - - - -31 subnitens Acutifolia

10 Clara Bog, Ireland 53.34 -7.61 77 -57 -8.2 10 713 22.3 - -173 -160 - - -  cuspidatum Cuspidata
  53.34 -7.61 77 -57 -8.2 10 713 20.4 - -163 -176 -140 - -  magellanicum Sphagnum
  53.34 -7.61 77 -57 -8.2 10 713 20.9 - -159 -169 -161 -161 -  rubellum Acutifolia

11 Bargerveen, 52.69 7.03 19 -59 -8.5 10 705 19.6 -176 -182 -179 -189 -177 -  cuspidatum Cuspidata
  Netherlands 52.69 7.03 19 -59 -8.5 10 705 20.3 - -155 -184 -197 -166 -170  magellanicum Sphagnum

  52.69 7.03 19 -59 -85 10 705 20.8 - -152 -171 -164 -203 -169  capillifolium Acutifolia

12 NW-Germany 52.76 8.81 46 -61 -8.7 9 614 19.3 -174 -184 -173 -159 - -  magellanicum Sphagnum

13 Hautes Fagnes,  
Belgium

50.60 6.16 621 -63 -9.2 10 1600 17.6 -169 -198 -204 -208 - - -12 fallax Cuspidata

14 Jura, France 46.51 5.85 907 -60 -8.9 6 1732 22.5 - -165 -183 -193 - - -15 subnitens Acutifolia
  46.51 5.87 907 -60 -8.9 6 1732 20.2 - -162 -184 -176 - - -12 capillifolium Acutifolia

15 NE-Italy 46.78 12.01 981 -62 -9.3 6 708 21.2 - -177 -191 -188 - -160 -36 fuscum Acutifolia
  46.87 12.03 1936 -76 -11.1 6 708 20.1 - -159 -162 -179 - - -88 subnitens Acutifolia
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Figure 3.3 Hydrogen isotope fractionation of the C23 n-alkanes in three Sphagnum sections, 
both in a greenhouse setting (Brader et al. 2010) and in the field samples. The enrichment 
 factor of the greenhouse samples is calculated in relation to the δD value of the artificial 
rainwater solution, and field sample fractionation was calculated in relation to average yearly 
isotope ratios of local precipitation at the sampling site. Error bars represent the standard error.
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3.3.2 Hydrogen and oxygen isotope fractionation in Sphagnum 
sections
The enrichment factor (ε) is used to express the hydrogen isotopic 
fractionation between the source (local meteoric water) and the 
product (Sphagnum lipids). This enrichment factor puts together all 
individual enrichment factors that are due to both physical and 
biochemical processes. It is expressed in the following equation: 

ε lipid/water = 1000 * [(δDlipid + 1) / (δDwater + 1)] – 1

It should be noted that Brader et al. (2010) rendered the difference 
between the isotopic values of n-alkanes and meteoric water  
(δDn-alkane - δDmeteoric water) to describe the enrichment or depletion 
between n-alkanes and meteoric water. The data from Brader et al. 
(2010) that are used in this paper, are converted using the above-
mentioned εlipid/water equation. 

The fractionation is section dependent, and similar to the fractiona-
tion observed during the greenhouse experiment (Brader et al. 2010). 
Although the field values show a larger spread, the enrichment factors 
of each section in the field data set is similar to the enrichment factors 
in the greenhouse experiment. In the field sample set, the enrichment 
factor between meteoric water and Sphagnum n-C23 was -141 for the 
Cuspidata, -113 for the Sphagnum and -107 for the Acutifolia (Figure 
3.3). Fractionation in the Sphagnum and Acutifolia sections is similar, 
and this fractionation is appreciably smaller than the Cuspidata fractio-
nation. Enrichment factors of n-C25 differ less between the sections, 
with an ε of -134 for the Cuspidata section, -117 for the Sphagnum 
section and -120 for the Acutifolia section (Figure 3.4). These values 
are substantially less negative than the n-C25 values in the greenhouse 
experiment, with the strongest mismatch between greenhouse and 
field for the Sphagnum section. 

A species-dependent fractionation pattern is not displayed in the 
oxygen isotope ratios of the field or greenhouse samples. The average 
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Figure 3.4 Hydrogen isotope fractionation of the C25 n-alkanes in three Sphagnum sections, 
both in a greenhouse setting (Brader et al. 2010) and in the field samples. The fractionation 
factor of the greenhouse samples is calculated in relation to the δD value of the artificial 
rainwater solution, and field sample fractionation was calculated in relation to average yearly 
isotope ratios of local precipitation at the sampling site. Error bars represent the standard error.
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δ18O value in the cellulose of the Sphagnum mosses in the field set was 
+29.8‰, which is slightly larger than the +28.5‰ found in the green-
house experiment.

3.3.3 Moss isotope ratios vs. location
The δD values of n-C23 show a decreasing pattern from southwest to 
north/northeast. Thus, they correlate moderately with both the north 
latitude (R2 0.47) and east longitude (R2 0.38) of the sampling location 
(Figure 3.5). This sw to n/ne decreasing gradient can also be recog-
nized in the oxygen δ18O values for the same samples, although for 
δ18O, the correlation with latitude and longitude is less strong (R2 0.37 
and 0.29 respectively, Figure 3.5). 

 
3.4 Discussion

3.4.1 Evaporation 
It is known that water isotope values of precipitation are not 
straightfor wardly registered in plant tissue (e.g. Epstein et al. 1977; 
Brenninkmeijer et al. 1982; Zanazzi and Mora, 2005). First, the 
accumulated water in a peat bog is fractionated as a consequence of 
ongoing evaporation. This evaporation in the top layer of the bog 
water can possibly cause enrichment of the isotope ratios in the moss 
compounds. The subsequent evaporation of water from peat moss 
might also cause fractionation in moss that grows above the water 
table. The water in the Sphagnum samples, the so called Sphagnum 
water, has been isotopically enriched by way of evaporation (Figure 
3.2), with an average enrichment of 47‰. This enrichment is fairly 
constant over the locations, and the yearly amount of precipitation or 
the average year temperature hardly affected the amount of enrich-
ment in the Sphagnum water. Remarkably, the Sphagnum water of the 
dry-growing Acutifolia samples was not more strongly depleted than 
that of the other samples. Sampling might have taken place after a 
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Figure 3.5  Correlation of sampling site co-ordinates with C23 n-alkane δD and cellulose δ18O 
of the Sphagnum samples.
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recent period with precipitation. The dry Acutifolia might have absor-
bed a considerable amount of not evaporated and thus not yet enriched 
meteoric water, so that any enrichment through earlier evaporation of 
the Sphagnum water was undone. From the data set of 19 samples, we 
infer that the average isotope ratios of the local yearly precipitation are 
somewhat better reflected in moss compounds than the isotope ratios 
of the Sphagnum water (R2 0.62 and 0.57). Brader et al. (2010) ruled 
out evaporation as an enrichment factor in Sphagnum n-C23. In their 
experiment, samples with high and low amounts of evaporation were 
equally depleted in the δD value of the n-C23. As the fractionation 
values found in the field match with the experimental values (Figure 
3.3), it is likely that, in the field, evaporation is also a marginal factor 
for isotopic fractionation. 

The negligible effect of Sphagnum water enrichment on isotope ratio 
values of n-C23 alkane in Sphagnum moss is important as this enrich-
ment is often applied in (palaeo-)environmental studies. Nichols et al. 
(2010) based their quantitative reconstruction of past bog hydrological 
changes on the evaporation of the Sphagnum water (the water in the 
top 20 cm of the bog). They assumed that enriched water from this 
post-evaporation reservoir is absorbed by Sphagnum moss, and incor-
p o r ated in the moss tissue during growth, whereas vascular plants root 
in the deeper peat layer (the precipitation reservoir), and absorb the 
water with the original rainwater isotope signature. The H isotope 
ratio between the n-C23 (relatively unique for Sphagnum moss) and 
the n-C29 (typical for vascular plants) would therefore be a potential 
indicator for the amount of evaporation in a bog. Yet our data show 
that such an evaporation effect in the Sphagnum water is not reflected 
in the δD of the n-C23. This makes n-C23 a recorder of the δD of 
meteoric water rather than of the δD of Sphagnum water. Hence actual 
evaporation is probably often much larger than the reconstructed bog 
evaporation based on the C23-C29 δD proxy. 

Two different explanations for the absence of an evaporation signal 
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in n-C23 can be considered. First, in times of drought, the moss might 
take up water from deeper and well mixed layers for growth. In parti-
cular the densely growing hummock species can absorb water from a 
deeper source (Overbeck, 1975). In vascular plants, the transport and 
uptake of water from a deeper source does not result in fractionation 
(White et al. 1985) and we assume that the same holds for moss. 
Second, water from precipitation might be directly taken up by the 
dry capitulum of the moss, even before water can evaporate from the 
bog (Malmer, 1993). This very direct relationship between precipi-
tation and Sphagnum growth is supported by Gerdol (1995), who 
found that in times of drought, some Sphagnum species stop growing. 
Moreover, Robroek et al. (2007) conclude that the frequency of preci-
pi tation is more important for Sphagnum growth than the amount of 
precipitation. 

3.4.2 Biosynthetic fractionation
As a result of isotope fractionation during biosynthesis, isotope ratios 
in the different organic compound classes of Sphagnum moss strongly 
deviate from the source water. The controlled greenhouse experiment 
by Brader et al. (2010) demonstrated that hydrogen isotope fractio-
nation from source water to n-C23 in Sphagnum is species-dependent, 
with biosynthetic fractionation values from -98 ± 1‰ for S. rubellum 
(Acutifolia), -110 ± 1‰ for S. magellanicum (Sphagnum) to -128 ± 
2‰ for S. fallax (Cuspidata). In the field set, the δD values of the 
n-C23 were almost similar: -99 ± 6‰ for Acutifolia, -104 ± 5‰ for 
Sphagnum and -131 ± 6‰ for Cuspidata, vs. the δD values of local 
precipitation (Figure 3.3). These corresponding values make it likely 
that the hydrogen isotope fractionation from rainwater to n-C23 
follows the same pattern in both the greenhouse and the field settings. 
Remarkably, the δD values of the C25 in the field samples were 
significantly less negative than those of the greenhouse (Figure 3.4). 
Probably, there is an appreciable addition of C25 from a source other 
than the Sphagnum moss, which did not affect the greenhouse 
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Figure 3.6 δ18O in the mosses compared to δ18O of precipitation at the sampling sites.
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measur e ments. Since the n-C23 is predominantly produced by 
Sphagnum moss, the isotopic composition of this compound was not 
(or to a much lesser extent) affected. 

The field trend for oxygen isotope ratio values of Sphagnum cellulose 
is also in good agreement with the trend observed in the greenhouse 
experiment. Average fractionation in the field set was 29.8 ± 3‰ with 
respect to δ18O of the local precipitation. This was +28.5 ± 1‰ for  
all species used in the greenhouse experiments. Other studies report  
a simi lar constant oxygen enrichment of +27 ± 3‰ (DeNiro and 
Epstein, 1981; Aucour et al. 1996, Zanazzi and Mora, 2005), pro-
duced during the biosynthesis of carbohydrates (Yakir and DeNiro, 
1990). The relatively high values, together with the large spread, 
might indicate that the field conditions to some extent have affected 
the δ18O values of the field samples. Still, the oxygen isotope data 
reflect the fairly constant evaporation at all locations (Figure 3.6).  
If micro environmen tal evaporation in the bog had played a part,  
the hummock samples (Acutifolia section, and to a lesser extent 
Sphagnum section) would have been much more enriched than the 
hollow samples (Cuspidata). 

3.4.3 A proxy for the isotope ratios of precipitation
The observation that evaporation of bog water after precipitation is not 
reflected in the n-C23 δD signal of Sphagnum moss, makes this specific 
compound suitable as a proxy for reconstruction of the isotope ratios 
of local palaeoprecipitation. Figure 3.7 shows that fractionation correc-
tion of measured δ18O values and section-specific correction of δD 
values leads to isotope ratios that plot around the Global Meteoric 
Water Line (δD = 8 * δ18O + 10). The line represents the worldwide 
average of isotope ratios in precipitation. In the case that the field 
samples were enriched by evaporation, they would plot below the 
gmwl, with a slope deviating from the gmwl, as δD and δ18O 
become more positive upon evaporation. 
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δd C23 
n-alkane

Figure 3.7  The field sample isotope values after correction for biosynthetic fractionation.  
The dotted line is the Global Meteoric Water Line. 

Cuspidata
field 
n = 8

Cuspidata
experiment

n = 10

Sphagnum
field

n = 11

Sphagnum
experiment

n = 10

Acutifolia
field

n = 12

Acutifolia
experiment

n = 9

-100

-80

-60

-40

-20

0

-120 -110 -100 -90 -80 -70 -60 -50 -40

Cuspidata

Sphagnum

Acutifolia

-150

-140

-130

-120

-110

-100

-90

Cuspidata
field 
n = 8

Cuspidata
experiment

n = 10

Sphagnum
field

n = 11

Sphagnum
experiment

n = 10

Acutifolia
field

n = 12

Acutifolia
experiment

n = 9

-150

-140

-130

-120

-110

-100

-90

y = -2.8x - 24.9
R2 = 0.47

y = -0.2x + 30.1
R2 = 0.37

y = -0.1x + 20.1
R2 = 0.29

y = -1.4x - 172.7
R2 = 0.38

y = 10.6x + 43.6
R2 = 0.75

y = 4.1x - 30.9
R2 = 0.19

y = 14.5x + 69.0
R2 = 0.82

 

-280

-240

-200

-160

-120

45 50 55 60 65 70 75

14

16

18

20

22

24

45 50 55 60 65 70 75

-280

-240

-200

-160

-120

-10 -5 0 5 10 15 20 25 30 35

14

16

18

20

22

24

-10 -5 0 5 10 15 20 25 30 35

10

14

18

22

26

-15 -14 -13 -12 -11 -10 -9 -8 -7

-140

-120

-100

-80

-60

-40

-20

-16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6

-140

-120

-100

-80

-60

-40

-20

-16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6

-140

-120

-100

-80

-60

-40

-20

-16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6

-140

-120

-100

-80

-60

-40

-110 -100 -90 -80 -70 -60 -50

Cuspidata

Sphagnum

Acutifolia

y = -0.73x + 27
R2 = 0.47

Cuspidata

Sphagnum

Acutifolia

y = 1.18 + 13.3
R2 = 0.68

Acutifolia corrected for fractionation

δ18O cellulose



Chapter 3 
Isotopic composition of precipitation as reflected by compound-specific stable  

H and O isotopes in Sphagnum field samples

82

The accuracy of Sphagnum moss as a recorder of isotope ratios of 
precipitation appears to depend on the section of the moss sample. 
The Cuspidata and Sphagnum samples correspond well to the gmwl 
(Figure 3.7, R2 0.75 and 0.82), whereas the Acutifolia data show a 
much larger spread (Figure 3.7, R2 0.19), making mosses from this 
section far less reliable recorders.

3.4.4 Implications for palaeoclimate reconstruction
The dataset of European Sphagnum samples offers a good opportunity 
to evaluate the applicability of moss-derived isotope ratios as proxies 
for atmospheric isotope ratios. Although in palaeoclimate studies, 
cellu lose δ18O is often used as a proxy for δ18O of precipitation (e.g. 
Daley et al. 2010), hydrogen isotope ratio values of Sphagnum C23 
n-alkane are more precise recorders of isotope ratios in local precipi-
tation (Figures 3.6 and 3.8). It appears that the ideal peat samples 
consist of Sphagnum moss from either the Cuspidata section or the 
Sphagnum section. Unfortunately, it is not always feasible to collect  
a mono-specific Sphagnum sample from a palaeo record. In the case 
where the Sphagnum moss has not decayed too much, it would be 
useful to make an estimate of the species composition of the sample 
based on the macrofossils. In addition, although identification of a 
sample up to the species level may be impracticable, it is usually   feas-
ible to identify the correct section. After correction with the species-
specific fractionation factor, the δD of C23 n-alkanes realistically 
reflects the δD of local precipitation during Sphagnum growth, as 
evaporation of bog water has been excluded as a possible factor for 
enrichment of the sample. Correction for species-specific fractionation 
considerably improved the correlation between Sphagnum δD and the 
δD of local precipitation, thereby providing a good proxy for the 
reconstruction of the hydrogen isotope ratios of palaeoprecipitation. 
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Figure 3.8 Corrected δD of moss-derived C23 n-alkanes compared to δD values of precipita-
tion at the sampling sites. Before species-specific correction of the H isotope fractionation, the 
R2 was 0.55 for C23 (corresponding figure not rendered). R2 of the uncorrected C25 was 0.64 
(corresponding figure not rendered).

Cuspidata
field 
n = 8

Cuspidata
experiment

n = 10

Sphagnum
field

n = 11

Sphagnum
experiment

n = 10

Acutifolia
field

n = 12

Acutifolia
experiment

n = 9

-100

-80

-60

-40

-20

0

-120 -110 -100 -90 -80 -70 -60 -50 -40

Cuspidata

Sphagnum

Acutifolia

-150

-140

-130

-120

-110

-100

-90

Cuspidata
field 
n = 8

Cuspidata
experiment

n = 10

Sphagnum
field

n = 11

Sphagnum
experiment

n = 10

Acutifolia
field

n = 12

Acutifolia
experiment

n = 9

-150

-140

-130

-120

-110

-100

-90

y = -2.8x - 24.9
R2 = 0.47

y = -0.2x + 30.1
R2 = 0.37

y = -0.1x + 20.1
R2 = 0.29

y = -1.4x - 172.7
R2 = 0.38

y = 10.6x + 43.6
R2 = 0.75

y = 4.1x - 30.9
R2 = 0.19

y = 14.5x + 69.0
R2 = 0.82

 

-280

-240

-200

-160

-120

45 50 55 60 65 70 75

14

16

18

20

22

24

45 50 55 60 65 70 75

-280

-240

-200

-160

-120

-10 -5 0 5 10 15 20 25 30 35

14

16

18

20

22

24

-10 -5 0 5 10 15 20 25 30 35

10

14

18

22

26

-15 -14 -13 -12 -11 -10 -9 -8 -7

-140

-120

-100

-80

-60

-40

-20

-16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6

-140

-120

-100

-80

-60

-40

-20

-16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6

-140

-120

-100

-80

-60

-40

-20

-16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6

-140

-120

-100

-80

-60

-40

-110 -100 -90 -80 -70 -60 -50

Cuspidata

Sphagnum

Acutifolia

y = -0.73x + 27
R2 = 0.47

Cuspidata

Sphagnum

Acutifolia

y = 1.18 + 13.3
R2 = 0.68

δD of precipitation and corrected C23 n-alkanes 

δD C23 
n-alkane

δD of precipitation vsmov



Chapter 3 
Isotopic composition of precipitation as reflected by compound-specific stable  

H and O isotopes in Sphagnum field samples

84

3.5 Conclusions

– Evaporation of Sphagnum water occurs in all bogs, but it is likely 
that the moss does not register the enriched isotopic signal of this 
Sphagnum water in the C23 n-alkane, making Sphagnum n-C23 an 
extremely good compound for registration of the isotopic 
composition of local precipitation.

– The amount of hydrogen isotope fractionation from meteoric water 
to Sphagnum n-C23 is dependent on the section, with the largest 
fractionation in the Cuspidata section. Thus, a peat-based 
reconstruction of past meteoric isotope ratio’s becomes more 
accurate if this species-dependent biochemical fractionation is 
taken into account. 

–  δD values of C23 n-alkanes are a more precise recorder of the local 
rainwater isotopic composition than the δ18O values in the cellulose 
of the same sample. Therefore, although the procedure for cellulose 
extraction is much easier and the δ18O values are independent of 
species, the n-alkanes are the preferred compounds for reconstruc-
tion of isotope ratio values of palaeoprecipitation.
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Abstract

Compound-specific isotope values of Sphagnum mosses have been 
proposed as proxies in peat-based palaeoclimate reconstructions. 
Whereas carbon isotopes provide useful information on the carbon 
cycling within the peatbog, hydrogen isotopes probably reflect rain 
water, and thereby may provide information on changes in hydrology. 
However, isotope fractionation from meteoric water to plant compounds 
also depends on the species composition of a peat sample. Here, we 
combined n-alkane distributions and C and H isotope values of 
individual n-alkanes to discriminate between three dominant peat 
forming Sphagnum species to improve palaeoclimate reconstructions 
from peat records. We observed a distinct V-shape in the δ13C isotope 
pattern of individual n-alkanes in all three Sphagnum species used. 
This dichotomy suggests two separate biosynthetic pathways for long-
chain n-alkane synthesis, regarding the C21-C25 on the one hand and 
the C27-C31 n-alkanes on the other. In contrast, the hydrogen isotopes 
show a continuous increase in fractionation during chain lengthening. 
Together with the well-known differences in n-alkane distribution, 
compound-specific stable isotopes allow to unravel signals from 
different species, thus enabling quantitative reconstructions of past 
precipitation.

4.1 Introduction

Peat deposits are massive packages of chronologically piled up plant 
material, with Sphagnum mosses as their main components (Rydin & 
Jeglum, 2006). They form valuable archives for Holocene palaeo climate 
reconstructions (e.g. Barber et al. 1999; Daley et al. 2010). Many 
peat-based proxies have been developed and applied in palaeoclimate 
and palaeoenvironmental studies, e.g. macrofossil and pollen analysis, 
testate amoebae analysis, assessment of humification and various 
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isotope analyses. Thanks to analytical developments, compound-
specific isotope proxies are increasingly used. Since n-alkanes are 
highly stable plant wax components surviving in sediments and peats 
(Nott et al. 2000; McClymont et al. 2008; Bingham et al. 2010), these 
lipids are useful for palaeoenvironmental and palaeoclimato logical 
studies, also on geological time scales. The species-specific n-alkane 
distribution patterns and compound-specific hydrogen and carbon 
isotope values potentially provide useful tools for assessing past 
environmental changes (Nichols et al. 2006; Bingham et al. 2010).

Isotope values measured in plant materials do not directly mirror  
to the isotope values of their source, since isotopic fractionation occurs 
during uptake and synthesis of plant compounds (e.g. Williams and 
Flanagan, 1996; Sessions et al. 1999; Zanazzi & Mora, 2005). This 
fractionation depends on the environmental conditions, plant species 
and the biosynthetic pathways for the individual components. A 
recent study by Brader et al. (2010) demonstrated that even within 
the genus of Sphagnum (peat mosses living in the same environmental 
habitat), fractionation of C and H isotopes of n-alkanes varies strongly. 
The isotopic differences between Sphagnum species are large (up to 
30‰ for δD and 6‰ for δ13C), implying that the use of δD and δ13C 
isotope values of n-alkanes in palaeo-reconstructions requires detailed 
knowledge of relative species contributions. Unfortunately, taxono mical 
characterization of Sphagnum macrofossils in peat samples is often 
dif  ficult and always time-consuming. For some species, identifi cation to 
the species level is even impossible using fossil remains. Fossil material 
can be oxidized and too decayed to pick and identify individual 
Sphagnum remains. Moreover, collecting a pure, mono-species peat 
subsample large enough for organic geochemical analysis is trouble-
some. To be able to extract enough lipids allowing compound- specific 
analyses requires macrofossil sample sizes that are virtually impossible 
to pick by hand. 

Earlier studies of the free lipid composition of Sphagnum species 
suggested that the relative distribution of long chain n-alkanes with a 
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distinct odd-over-even predominance could be used as a chemotaxo-
nomic fingerprint for Sphagnum species (Baas et al. 2000; Nott et al. 
2000). As the distribution and ratio of n-alkanes in Sphagnum species 
is fairly conservative over time and place, these indicators might be 
useful for reconstruction of the Sphagnum species composition in 
highly degraded peat records (Nott et al. 2000; Bingham et al. 2010). 
However, this differentiation in chain length is not consistent for all 
Sphagnum species and several species overlap in chain length distri-
bution. Therefore, characterization of the different species in a peat 
sample based on n-alkane distribution alone is often multi-interpretable. 
Here, we explore a new and complementary chemotaxonomical 
approach towards the recognition of the species composition in 
Sphagnum peat samples by including the analysis of δ13C and δD 
values of individual n-alkanes of three abundantly occurring Sphagnum 
species. Brader et al. (2010) already showed that Sphagnum samples 
of the same species cluster in a δD - δ13C plot of the C23 n-alkane.  
In this study, we extend this observation by combined analysis of δD 
and δ13C values of C21 to C31 n-alkanes to characterize Sphagnum 
species in peat samples.

4.2 Methods

4.2.1 Sampling
Three species of Sphagnum were collected in April 2006 from 
Bargerveen, a purely rainwater fed peatland nature reserve at the 
north eastern border of the Netherlands (52˚41’ N, 07˚02’ W). The 
species represent three genetically and ecologically distinct sections 
(Shaw, 2000; Rydin and Jeglum, 2006). Sphagnum cuspidatum (section 
Cuspidata) is a typical hollow species, which means that this species 
grows mainly under water. Sphagnum magellanicum (section Sphagnum) 
is a lawn species, growing under intermediately dry peatland conditions. 
Sphagnum capillifolium (section Acutifolia) is a hummock species, 
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growing at the highest and driest peatland sections. The species were 
identified, following the nomenclature of Smith (2004), and freeze-
dried before further processing.

4.2.2 Lipid extraction
Freeze-dried Sphagnum samples were ground manually in a mortar, 
mixed with diatomaceous earth and extracted using an accelerated 
solvent extractor (Dionex), with a mixture of dichloromethane (dcm) 
and meoh (9 : 1 v/v). The extracts were dried by rotary evaporation 
under vacuum until near dryness. The total extracts were separated 
into apolar and polar fractions using column chromatography with 
activated Al2O3, using hexane : dcm (9 : 1 v/v) and dcm : meoh  
(1 : 1 v/v) respectively. The apolar fractions were evaporated under  
a continuous nitrogen flow and dissolved in hexane.

4.2.3 Gas chromatography (gc) and gas chromatography-mass 
spectrometry (gc/ms)
The apolar fractions were analyzed with an hp gas chromatograph 
equipped with a flame ionization detector (fid) at constant pressure 
(100 kPa). A fused silica column (30 m x 0.32 mm i.d., film thickness 
0.1 μm) coated with cp Sil-5CB was used with He as carrier gas. 
Samples were injected on-column at 70˚C. The temperature was 
increased from 70˚C to 130˚C by 20˚C/min and subsequently with 
4˚C/min to 320˚C, followed by an isothermal hold of 20 min. The 
n-alkanes were assigned using gc/ms (Thermo Trace gc Ultra) with 
the same column and heating program as for gc.

4.2.4. Isotope ratio monitoring (gc/irms)
Compound-specific δD values were determined by gc/irms, using a 
ThermoFinnigan Delta-Plus xp mass spectrometer. The same column 
and heating program were used as for gc and gc/ms, however using a 
constant flow of He. Isotope ratio values of the S. cuspidatum sample 
were based on duplicate analyses, whereas the small sample sizes of 
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the S. magellanicum and S. capillifolium samples allowed for single 
measurements only. Still, these values are assumed to be reliable, 
based on six times replicated measurements of the hydrogen isotopic 
composition of a sample in the same series. The standard deviation 
for the C23 n-alkane from this sample was <1‰. For δD analysis, the 
H3

+ factor was determined before every run and varied between 4.4 
and 6.0 ppm nA-1. A mixture of C17-C25 alkanes with a known isotope 
composition (Schimmelman C standard) was measured daily before 
and after the analysis of samples. The average offset between the 
measured hydrogen isotope composition of the alkanes and values 
determined off-line was 20.2‰. The average standard deviation over 
the total analytical period was 6‰. The measured isotope composition 
of the different alkanes was corrected to account for the offset vs. the 
Schimmelman standard. The standard deviation in the δD value of 
the C23 n-alkane in the standard was <1‰. The hydrogen and oxygen 
isotope ratios are expressed relative to the Vienna Standard Mean 
Ocean Water (vsmow), and reported as delta (δ) values. 

Carbon isotope values were measured once-only, due to limited 
sample sizes. However, we assume that the reproducibility of the 
values equals the reproducibility of the samples that were measured in 
the same series, which was 0.5‰ on average. Squalane, of which the 
isotopic composition was determined offline, was used as isotopic 
reference and was measured at regular intervals. Reference gas peaks 
were adjusted according to deviations of the Squalane standard. 
Carbon isotope compositions are reported as delta (δ) values relative 
to the Vienna Pee Dee Belemnite (vpdb) standard.
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Table 4.1 δ13C and δD values of the odd C21-C31 n-alkanes of three Sphagnum species.  
δD values of Sphagnum capillifolium were measured in duplo. The relative abundance of the 
individual n-alkanes reflects the percentage of the total odd and even C21-C31 n-alkanes in a 
Sphagnum sample. The abundances of the C21 n-alkanes of S. magellanicum and S. capillifolium, 
and of the C31 n-alkane of S. cuspidatum were relatively low. Therefore, the isotope values of 
these n-alkanes (reported in italics) are unreliable.

species  C21 C23 C25 C27 C29 C31

Sphagnum 
cuspidatum

Relative abundance % 
of total composition

12.8 26.8 21.1 16.4 10.9 4.5

δ13C -37.8 -38.2 -39.1 -39.2 -37.5 -35.2

δD -176 -182 -179 -189 -177 -127

Sphagnum 
magellanicum

Relative abundance % 
of total composition

3.1 11.4 24.3 13.9 13.2 28.0

δ13C -35.9 -36.2 -37.8 -32.7 -33.5  -31.1

δD -154 -155 -184 -197 -166 -170

Sphagnum 
capillifolium

Relative abundance % 
of total composition

2.3 9 17 13.7 19.5 34.7

δ13C -37.5 -38 -39.2 -35.3 -34.9 -33.1

δD -157 -152 -171 -164 -203 -169

δD duplo -130 -153 -169 -184 -169 -170

average δD -143 -152 -170 -174 -186  -170
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4.3. Results and discussion

4.3.1 Relative abundance of n-alkanes  
Major differences in the relative abundances of the odd C21-C31 
n-alkanes are observed (Table 4.1; Figure 4.1). The C23 n-alkane, 
often mentioned as a biomarker for Sphagnum mosses in peat (Baas  
et al. 2000; Nott et al. 2000; Pancost et al. 2002; Sachse et al. 2006) is 
most abundant in S. cuspidatum, and although this n-alkane also occurs 
in the other two species, n-C23 is not the most abundant component  
of the n-alkanes of S. magellanicum and S. capillifolium. Unique for S. 
cuspidatum is the relatively large contribution of C21, and the small 
amount of C31. In both S. magellanicum and S. capillifolium, the most 
abundant n-alkanes consist of C31. Still, the n-alkane distribution of 
these species is not the same, as C25 is the second largest n-alkane of 
S. magellanicum, whereas C29 is the second for S. capillifolium. Thus, 
there seems to be a correlation between chain length and preferred 
hydrological bog conditions, with the largest fraction of long n-alkanes 
in the dryer growing species. Zhou et al. (2011) previously indicated 
that there may be an effect of water stress on chain elongation within 
species, although it is not fully clear if this is also the case between the 
species.

Other studies addressing the relative abundances of n-alkanes in 
Sphagnum (Baas et al. 2000; Nott et al. 2000; Bingham et al. 2010) 
show similar patterns in the n-alkane distributions of the species, 
although the exact distributions differ considerably among the different 
studies. Still, Bingham et al. (2010) state that the intra-species varia-
tion is generally minor when compared to the inter-species variation, 
suggesting that there are conservative tracers that control the n-alkane 
distributions in the different Sphagnum species. However, the effects 
of plant-internal and environmental factors and the mechanisms 
underlying the distributions of the n-alkanes in a specific species have 
not been studied in detail so far. As most n-alkanes that we found in 
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Figure 4.1 Relative abundances as percentage of the total C21-C31 n-alkanes in three different 
Sphagnum species.
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Sphagnum also occur in other peat-forming plant species, it is not 
possible to identify the Sphagnum composition in peat samples, based 
on the n-alkane distribution patterns alone. 

4.3.2 Chemotaxonomy 
Each species of Sphagnum has different δ13C and δD isotope values 
asso ciated with the n-alkanes (Table 4.1; Figures 4.2 and 4.3), although 
δ13C values of the C21, C23 and C25 n-alkanes of S. capillifolium and S. 
magellanicum are similar, if not identical. The differences in δD values 
between the species are not relevant in all cases, due to the analytical 
errors (Figure 4.3). 

However, Brader et al. (2010) found similar values for these species. 
A few comments regarding the chemotaxonomical potential based on 
differences in δ13C and δD isotope values can be made, even though 
the number of data points is somewhat limited. Figure 4.4 shows a 
δ13C - δD cross plot for all data measured. S. cuspidatum is clearly 
distin  guished from the other species as it has the most negative values 
for both δD and δ13C for all but one of the n-alkanes. Moreover, S. 
cuspidatum has relatively large amounts of C21 and C23 n-alkanes 
compared to the other species (Figure 4.1).

The different species can be separated from each other by the diffe-
ren ces in the δ13C values of the C27, C29 and C31 n-alkanes (Figure 4.2), 
S. cuspidatum having the lowest values and S. magellanicum having the 
highest values. These differences, combined with the relative abun-
dan ces of the n-alkanes (Figure 4.1) allow for the chemotaxonomical 
recognition of individual Sphagnum species in peats. 

Further, the individual δD data of all species are mostly similar 
taken into account the analytical error, although the C23 and C25 
alkanes seem of value for istope-based species recognition (Figure 
4.3). The C23 δD values of S. cuspidatum are significantly lower than 
the δD values of S. magellanicum and S. capillifolium. Remarkably,  
in C25, the values of S. magellanicum and S. cuspidatum are closest 
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Figure 4.2 δ13C values of the C21-C31 n-alkanes of three different Sphagnum species.  
The filled out points represent an unreliable value due to low abundance of the n-alkane.
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Figure 4.3 δD values of the C21-C31 n-alkanes of three different Sphagnum species. Error  
bars represent the error in the duplicate measurements. The filled out points represent an 
unreliable value due to low abundance of the n-alkane.
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together, and S. capillifolium has the most deviant δD value. 
The relations found between stable carbon and hydrogen isotopes 

(Figure 4.4), when combined with the relative abundances of the long 
chain n-alkanes may be indicative for the species composition of a 
strongly decayed peat sample, although. The individual isotope ratios 
and the n-alkane pattern can be affected by various factors. For 
example, the δD originating from precipitation, is linked to local 
temperature (Araguás-Araguás et al. 2000), and the δ13C may be 
affected by environmental factors, such as the recycling of methane 
within the peat (Raghoebarsing et al. 2005). Furthermore, the 
n-alkane composition of vascular plants and micro-organisms in a 
peat potentially interferes with the n-alkane distribution of the local 
peat mosses. For example, our data indicate that relatively negative 
δD and δ13C values may be attributed to (wet growing) S. cuspidatum 
mosses if these isotope values occur simultaneously with abundant C21 
n-alkanes. On the other hand, a combination of positive C23 and C25 
for δD, negative C23 and C25 for δ13C and relatively large fractions of 
longer n-alkanes indicates that the Sphagnum mosses in the peat 
sample are from S. capillifolium, a typical hummock species. 

4.3.3 n-Alkane biosynthesis
Further inspection of the δ13C values of the n-alkanes of all three 
species (Figure 4.2) shows an intriguing phenomenon: a downward 
trend of C21 to C25, followed by an upward trend of C27 to C31. This 
V-shaped pattern seems to reflect two different stages of n-alkane 
biosynthesis in Sphagnum species. The biosynthesis of n-alkanes starts 
in the chloroplasts, where chain extension of acetyl-CoA occurs as 
2-carbon units derived from malonyl-CoA are added up stepwise to 
ultimately produce the C16 or C18 fatty acids. At this stage, these fatty 
acids leave the chloroplast and subsequent elongation of these fatty 
acids to C22-C32 fatty acids occurs in the cytosol (Kunst and Samuels, 
2003; Zhou et al. 2010). As a consequence, the isotopic H and C 
sources during chain elongation originate first from the chloroplast, 
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Figure 4.4 Crossplot combining δD and δ13C of the n-alkanes in three species of Sphagnum. 
Filled out points represent unreliable values due to low abundance of the n-alkane.

Figure 4.5 During chain elongation of the even-numbered n-fatty acids in the cytosol, the 
C21-C25 and the C27-C31 n-alkanes are produced by two separate pathways using isotopically 
different carbon units. 
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and later from the cytosol. Each of these sources are likely to have 
different isotopic values of C and H, resulting in either increasing or 
decreasing δ13C and δD values as chain lengthening progresses in 
these different cell envelopes.

The observed V-shaped trend in the δ13C isotope values and, 
although less clearly, in the δD isotope values of the n-alkanes in our 
Sphagnum samples is similar to the fractionation patterns observed  
by Zhou et al. (2010) for tobacco plants. The latter authors present 
evidence that chain elongation of even-carbon-numbered n-fatty acids 
(from which the odd-numbered n-alkanes are formed by decarboxy-
la tion) in the cytosol compartment proceeds along two different 
pathways. Our data indicate that one pathway might lead to the 
production of C21-C25 n-alkanes, whereas the other pathway might 
lead to the production C27-C31 n-alkanes.

In the study by Zhou et al. fractionation during chain elongation 
was also attributed to variation in external circumstances such as light 
and water stress. Our samples, however, originate from a field site, 
and all grew under the same environmental conditions during the 
growing season. Moreover, in an earlier paper Brader et al. (2010) 
ruled out the effect of evaporation or relative drought on isotope frac-
tio nation in Sphagnum, whereas Zhou et al. (2010, 2011) concluded 
that temperature cannot have affected the isotope values during chain 
lengthening. 

Based on these considerations, the isotopic n-alkane δ13C data are best 
explained when a first dichotomy in the n-alkane biosynthesis is con si-
dered, i.e. biosynthesis in the chloroplast, followed by the biosynthesis 
of fatty acids and n-alkanes with longer chain lenghts in the cytosol. 
The second dichotomy occurs in the cytosol in such a way that the 
C21-C25 n-alkanes are produced by a pathway incorporating carbon 
units with relatively light δ13C and (and possibly δD) isotopes (Figure 
4.5, pathway i), and a second, separate pathway producing the longer 
n-alkanes incorporating carbon units with relatively heavy δ13C (and 
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δD) isotopes (Figure 4.5, pathway ii), assuming that these longer 
n-alkanes cannot be biosynthesized from the C22-C26 fatty acids 
produced by pathway i. 

4.4 Conclusions

–  Based on δ13C values and relative abundances of the C21-C31  
odd n-alkanes in Sphagnum species from the three dominant bog-
forming Sphagnum sections (S. cuspidatum, S. magellanicum and  
S. capillifolium) can be separated chemotaxonomically.

–  The isotopic patterns of the C21-C31 odd n-alkanes are likely caused 
by a dichotomy in their biosynthetic pathway during chain elongation 
in the cytosol. The δ13C pattern shows a clear separation between 
the C21-C25 and the C27-C31 n-alkanes in all three Sphagnum species. 
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Abstract

The Late Subboreal is a valuable natural reference period for climate 
model testing and future climate change extrapolations. Here, we 
present a multi-proxy climate reconstruction, based on a peat section 
from the Belgian Misten Bog, dated between 3837-3979 and 3142-
3373 cal bp. The pollen- and macrofossil record provide evidence for 
a further subdivision of this period. There is a clear transition from a 
dry to a wet phase, followed by a period of rapid climate fluctuations, 
and eventually a period of relative wetness sets in. Comparison with 
other European Holocene climate reconstructions learns that the shift 
from dry to wet in the Hautes Fagnes starts relatively early. This is 
probably due to the high humidity in the region, which makes that 
thresholds for the transition to wetter bog vegetation are crossed earlier 
than in dryer regions. The oxygen and hydrogen isotope records do 
not show a clear parallel with the fossil records in the core, although 
for oxygen isotopes, there is a consistency with other European iso tope 
studies of the same period. Probably, the isotope values are determined 
by general climate conditions like wind direction, whereas local climate 
conditions hardly affect the isotope signal. It is concluded that, for the 
reconstruction of local bog humidity variations, pollen and macro fossils 
are preferred over isotope proxies. 

5.1 Introduction

5.1.1 The Subboreal period
The Subboreal is a relatively stable warm and dry period during the 
Holocene (van Geel et al. 1996). For present-day climate studies, the 
Late Subboreal (4000-2800 cal bp) is an important natural reference 
period since it is the latest period in recent Northwest European 
history where the impact of human activities on the environment is 
still limited. Although deforestation took place in Northwest Europe 
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during the Bronze age and the pre-Roman Iron age, massive deforest-
ation started slightly afterwards in the Roman era (Gotjé et al. 1990; 
Bunnik, 1995). From that time onwards, it becomes difficult to distin-
guish natural climate variability from anthropogenic effects. Detailed 
information on subtle climate shifts during the Late Subboreal can 
therefore provide valuable information for the testing of climate models 
and for future climate change projections.

In contrast to the less investigated Late Subboreal, the transition 
from the Subboreal to the Subatlantic, dated around 2800 cal bp, is 
one of the best known transitions in peat-based palaeoclimate studies. 
This transition was recognized in many palaeoclimate archives world-
wide (van Geel et al. 1998). In the temperate zone of the Northern 
Hemisphere, the climate changed from continental (warm and dry) to 
oceanic (cooler and wetter) conditions. In peat records, the Subboreal/
Subatlantic transition is marked by a remarkable shift in dominant 
Sphagnum species, from S. rubellum to S. cuspidatum and S. imbricatum 
and a visually perceptible transition from dark and humified peat to 
lighter and less decomposed peat (van Geel, 1978; Pancost et al. 
2003). However, this transition did not occur abruptly. Van Geel 
(1978) and Dupont and Brenninkmeijer (1984) describe short-lasting 
climate variations during the last stage of the Subboreal, between 
3650 and 2950 cal bp in a Dutch bog. In their records, several short 
periods of wet growing Sphagnum cuspidatum concurred with minima 
of Corylus pollen, indicating successive short lasting wet phases during 
the Late Subboreal, before a permanent transition to cooler and wetter 
conditions set in. It is interesting to find if these Late Subboreal 
climate fluctuations can be detected in other European peat bogs. 

5.1.2 Peat-based climate proxies
Peat-based climate change studies can be based on several different 
proxies. Microfossils, including pollen and non-pollen palynomorphs 
(npp) such as fungal spores may originate from local plants, growing 
in a specific peatland. However, a large fraction of the pollen comes 
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from surrounding upland vegetation species, which disperse their 
pollen with the wind (Andersen, 1967). Therefore, the microfossil 
record does not always precisely describe the local vegetation succes-
sion in a peatland area. Macrofossils are larger than pollen and spores 
and are for that reason not transported over large distances. They 
consist of plant remains that actually contributed to the peat formation 
(leaves, roots, rhizomes, seeds, fruits, twigs, pieces of wood and 
sometimes insects) and can provide detailed information about the 
vegetation history on a specific location. Pollen and macrofossil data 
are thus largely complementary, and by analyzing both proxies the 
vegetation history of a peatland and its surroundings can be 
reconstructed.

In a bog, the species composition is indicative for local environ-
mental conditions. From most bog species, it is known under which 
conditions they grow best (Mauquoy and van Geel, 2007). Still, the 
growing conditions and limitations can only lead to a qualitative 
indication of the climate conditions during plant growth, although a 
few climate indicator species might indicate July temperatures 
(Kolstrup, 1979; Isarin and Bohncke, 1999). Over the last decades, 
climate reconstructions are also based on stable isotope data. δ18O 
values from ice-core records, marine foraminifera and calcareous lake 
deposits are linked to δ18O data from local precipitation, and thus to 
local climate conditions, as there is a direct link between isotope ratios 
in precipitation and climate parameters (Dansgaard, 1964; Araguás-
Araguás et al. 2000; Johnsen et al. 2001). Ombrotrophic bogs are also 
highly valuable archives of these isotope ratios in palaeoprecipitation, 
as the bog vegetation uses meteoric water as its only water source. 
Although it is difficult to make a precise quantitative reconstruction of 
temperature or precipitation (Daley et al. 2010), stable isotopes may 
provide a good and complementary proxy for the reconstruction of 
bog humidity conditions (Nichols et al. 2010).
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5.1.3 Multi-proxy analysis
In this paper we present the results of a study on a Late Subboreal 
ombrotrophic peat core from Misten Bog (Hautes Fagnes, Belgium). 
The Hautes Fagnes are rich in many different kinds of mires (Damblon, 
1994), both ombrotrophic and minerotrophic. Persch (1950), Gotjé 
et al. (1990) and Damblon (1994) describe the vegetation history of 
the Hautes Fagnes based on pollen and macrofossil records, while De 
Vleeschouwer et al. (2007, 2012) give an overview of Holocene trace 
metal deposits in the Hautes Fagnes and describe the environmental 
changes during the last millennium. However, palaeoclimate recon-
structions based on H and O isotope proxies are absent in this area. 
For these isotope proxies, a peat record from a true raised bog is most 
valuable. A true raised bog has a water level that is independent of the 
groundwater level, and precipitation is its only source of water and 
nutrients for the synthesis of their tissues. Measurements of the 
isotope ratios in bog plant tissues can indicate the isotope ratios of 
local precipitation, and can thus indicate climate conditions during 
bog growth, especially when plant-specific fractionation factors are 
taken into account (Brader et al. 2010). 

Zooming in allows for the recognition of subtle shifts. With two 
palaeobotanical proxies –pollen and macrofossils– and two isotope 
proxies –δ18O of Sphagnum cellulose and δD of n-alkanes–, we try to 
gain new and detailed information on the environmental and clima-
tological shifts during this time period in the Hautes Fagnes. Each 
proxy may yield subtle biotic and abiotic shifts, and a combination of 
proxies may lead to information on a range of climatic parameters 
(Vandenberghe et al. 1998). Consistency in conclusions from inde-
pen dent lines of evidence may reduce the margins of uncertainty, and 
point at a climatic driver with a broad impact on the system (Bokhorst 
and Vandenberghe, 2009; Vandenberghe, 2012). 
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5.2 Study area

5.2.1 The Hautes Fagnes
The Hautes Fagnes are a nature reserve in Southeast Belgium. It is an 
uplifted peneplain with massive peat deposits that overly Palaeozoic 
bedrock consisting of different consolidated terrigeneous and marine 
layers. Located in an intermediate position in Western Europe (i.e. 
under boreo-atlantic influence), the Hautes Fagnes form a highly 
unique area on the European Continent since they represent the first 
continental barrier for oceanic air masses from predominantly western 
winds. The yearly amount of precipitation is extremely high compared 
to the surrounding areas (over 1400 mm yearly in the Hautes Fagnes, 
versus 800 mm in Low- and Middle- Belgium according to the Belgian 
Meteorological Institute), and the average annual temperature is 6.7˚C 
(Mormal and Tricot, 2004). These conditions are uncommon for 
Europe, making it interesting to explore whether any climate shifts 
that are found in other peat-based climate studies in Europe, can also 
be detected in such a wet region. In such an extremely wet area it is 
possible that, during climate shifts, thresholds are crossed, and that 
small-scaled climate shifts can trigger perceptible changes in vegetation. 
However, it is also possible that thresholds have already been crossed, 
making the system insensitive to further climate change.

The Misten Bog is an ombrotrophic peatland located in the northern 
part of the Hautes Fagnes (50˚33´50´´N, 06˚09´50´´E, 620 m above 
sea level, Figure 5.1), 5 km from the German border. It has accumu-
lated more than seven meters of peat in its centre. The onset of peat 
accumulation dates back to 9000 cal bp (Persh, 1950; Gérard, 2004). 
The location on an isolated plateau (Figure 5.1) prevents the bog from 
receiving lateral mineral inputs, e.g., through small streams. The bog 
vegetation is composed mainly of Sphagnum mosses, which grow in 
hollows and low hummocks. The bog has been drained and cut 
frequently since the 14th century (Hindryckx and Streel, 2000). 
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Figure 5.1 Radar derived peat thickness of the Misten Bog (after Wastiaux and Schumacker, 
2003). Equidistance of altitude contour lines is 5 m. The different dotted lines are forestry 
roads. The core location is indicated by the blue circle.
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Because of this, the surface vegetation currently consists of abundant 
Erica tetralix, Calluna vulgaris and Vaccinium spp. shrubs, reflecting 
the recent dehydration of the bog. However, these developments did 
not affect the preservation of the macrofossils and pollen in the peat 
that was formed in the time frame studied in this paper, as the part of 
the core investigated was over two meters under the present surface. 

5.3 Methods

5.3.1 The core
In 2005, a 4.5 cm-diameter wide, 8 m long core was taken from the 
eastern part of the Misten bog, using a Russian D-corer (Belokopytov 
and Beresnevich, 1955; Jowsey, 1965) in a single hole. Between each 
section, the corer was carefully cleaned using demineralized water. 
Each core section was wrapped in plastic foil and bagged in pvc tubes. 
The cores were subsequently stored at 4˚C until sub-sampling.
 
5.3.2 Sample selection
Based on a few radiocarbon-dated points and a pollen study that had 
been performed on a core collected within 5 meters from our core 
(Gérard, 2004), we focused on the peat section between 287.5 and 
240.5 cm below the peatland surface. This part was divided manually 
in 1 cm peat slices. Per slice, half of the peat material was set apart for 
pollen preparation. The other half of the slices was used to perform 
macrofossil and isotope analyses. This peat material was kept refrige-
rated at 4˚C, submerged in demineralized water in glass containers 
until further analysis. 

5.3.3 Dating
Two samples were selected for ams radiocarbon dating, one at the top 
of the studied core-section (at 241.5 cm), and one at the bottom (at 
287.5 cm). From the bulk peat samples, Sphagnum leaves and branches 
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were picked and carefully cleaned, removing all roots and rootlets. That 
material was aaa treated (Mook and Steurman, 1983) and 14C dated 
by ams at the Groningen Centre for Isotope Research. All radio carbon 
ages used in this paper are expressed in calibrated years bp (cal bp).

5.3.4 Macrofossil analysis and presentation
Every 2 or 3 cm, the macrofossils of a 1 cm thick slice of peat were 
investigated. The sample volume was 2.25 cm3. Before macrofossil 
analysis, samples were refluxed for 10 minutes in a 5% koh solution 
to remove humic acids. The samples were rinsed gently with demine-
ra lized water in a 130 μm sieve. Each peat sample was fully examined 
under a stereo-zoom microscope. Total Sphagnum volume percentages 
within the fossil samples were estimated, as well as volume percentages 
of other main peat components, i.e., Eriophorum fibers, Ericales rootlets, 
wood and charred remains (Figure 5.2). Sometimes a small fraction 
could not be identified, and was indicated as such. In the second 
column of Figure 5.2, a division in percentages of the sections 
Cuspidata, Sphagnum and Acutifolia was made, based on the total 
iden t ifiable Sphagnum remains (100%). These percentages were 
estimated by identification of 20 Sphagnum leaves that were randomly 
picked from the sample, inspected under a microscope at 400x 
magnification, and identified at the section level. For Sphagnum and 
other macrofossil identifications, the Grosse-Brauckmann (1972, 
1974) illustrations and the Smith moss flora (2004) were consulted. 
Seeds, leaves, branches, Eriophorum vaginatum spindel, and other 
macrofossils were counted individually (Figure 5.2). The recorded 
macrofossils are displayed as total amounts per volume in a macro-
fossil diagram prepared using the tila® and tilia-graph®  
(© Eric C. Grimm) programs. 

5.3.5 Pollen preparation, analysis and presentation
At 2 or 3 cm intervals, peat volumes of 2.25 cm3 were taken out from 
the core. Microfossil samples were prepared following Fægri & Iversen 
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(1989) with additional sodium polytungstate heavy-liquid separation 
to remove any possibly blown in clastic material. Subsequently, the 
material was sieved over a 7-8 mm nylon mesh to remove fine parti-
cles, mounted in glycerine jelly and sealed with paraffin wax. Tablets 
with Lycopodium were added to the sample in order to calculate pollen 
concentrations (Stockmarr, 1971). A light microscope with a magni-
fi cation of max. 780x was used during analysis. Pollen types were 
identified using the reference collection of the Department of Climate 
Change and Landscape Dynamics and identification keys of Moore  
et al. (1991) and the nepf Vol. i-viii (Punt et al. 1976-2003) for 
classifi cation and verification. Nomenclature follows these keys. Non-
pollen palynomorphs were identified with the help of publications such 
as van Geel (1978), van Geel & Aptroot (2006) and Pals et al. (1980).

Pollen data were presented as the relative frequency of each taxon 
in a pollen diagram (Figure 5.3), performed using the tilia® and 
tilia-graph® (© Eric C. Grimm) programs. The pollen sum is 
based on trees, shrubs and upland herbs excluding wetland and 
aquatic pollen types and spores. A pollen diagram (Figure 5.3) was 
compiled, showing both regional vegetation changes (i.e. regional 
taxa) and local changes (i.e. local taxa) inside the bog. The main 
pollen diagram shows the percentages of total tree and shrub pollen 
and the cumulative percentages of upland herbs and grass pollen. 

5.3.6 Cellulose extraction and oxygen isotope analysis
From the bulk peat samples, samples of pure Sphagnum leaves were 
picked manually at 2 or 3 cm intervals. Only leaves were selected, so 
that differences in fractionation within the moss plant as described in 
Moschen et al. (2009) are not relevant. The Sphagnum samples were 
freeze-dried and stored in glass containers until further analysis. In 
order to remove waxes, oils and resins from the Sphagnum leaves, the 
samples were mixed with diatomaceous earth and extracted using an 
Accelerated Solvent Extractor (Dionex), with a mixture of dichloro-
methane (dcm) and methanol (meoh) (9 : 1 v/v). Residues after lipid 
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extraction were used for cellulose extraction. Before extrac tion, the 
moss material was separated from the diatomaceous earth, soaking the 
samples in a beaker filled with demineralized water. The floating moss 
part was collected and dried overnight in a stove at 50 ̊C. Cellulose 
was isolated according to Leavitt and Danzer (1993). About 1 g of 
extracted moss material was wrapped in 3.5 mm glass fiber filters. 
These packets were tied up with nylon wire. After the extraction steps, 
the pouches were dried in a stove overnight at 50 ̊C. Dry moss samples 
were stored in glass flasks. Samples were converted to CO using a high 
temperature (1450 ̊C) pyrolysis oven. The oxygen isotope composition 
was analyzed on line using irms (Finnigan Delta plus) with benzoic 
acid (+23.3‰ Vienna Standard Mean Ocean Water, vsmow) and iaea 
cellulose (+31.9‰ vsmow) as internal standards. International cellu-
lose standards are lacking because of the hygroscopicity of cellulose. 
The iaea-C-3 and weighed samples are always stored in a desiccator 
until measurement and it is assumed that the previously calibrated 
+31.9‰ vsmow has remained constant over the storage period. All 
cellulose samples have been calibrated against this value, and were 
expressed relative to Vienna Standard Mean Ocean Water (vsmow). 

5.3.7 Lipid extraction and hydrogen isotope analysis

Sample selection
Although the peat samples were rather small, we hand-picked 
sufficient ly large Sphagnum samples (leaves and branches) for lipid 
extraction from a number of selected core samples (see Figure 5.2). 
All samples represent the large-leafed Sphagnum section. After freeze-
drying, these samples were ground manually in a mortar, mixed with 
diatomaceous earth and extracted using an accelerated solvent 
extractor (Dionex), with a mixture of dichloromethane (dcm) and 
meoh (9 : 1 v/v). The extracts were dried by rotary evaporation under 
vacuum until near dryness. The total extracts were separated into 
apolar and polar fractions using column chromatography with activated 
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Al2O3, using hexane: dcm (9 : 1 v/v) and dcm : meoh (1 : 1 v/v) 
respec t  ively. The apolar fractions were evaporated under a continuous 
nitrogen flow and dissolved in hexane before further analysis.

Gas chromatography (gc) and gas chromatography/mass spectrometry 
(gc/ms)
The apolar fractions were analyzed with an hp gas chromatograph 
equipped with a flame ionization detector (fid) at constant pressure 
(100 kPa). A fused silica column (30 m x 0.32 mm i.d., film thickness 
0.1 μm) coated with cp Sil-5CB was used with He as carrier gas. 
Samples were injected on-column at 70˚C. The temperature program-
me was: 70 ̊C to 130˚C at 20˚C/min, then to 320˚C (held 20 min) at 
4˚C/min. The n-alkanes were assigned using gc/ms (Thermo Trace 
gc Ultra) with the same column and heating programme as for gc. 

Hydrogen isotope ratio measurement (gc/irms)
Compound-specific δD values of the n-alkanes were determined by 
gc/irms, using a ThermoFinnigan Delta-Plus xp mass spectrometer. 
The same column and heating programme were used as for gc and 
gc/ms. Isotope ratio values were based on duplicate analyses of well-
resolved peaks and represent average values. For δD analysis, the H3

+ 
factor was determined before every run and this factor varied between 
4.4 and 6.0 ppm nA-1. A mixture of C17-C25 alkanes with known 
isotope composition (Schimmelman C standard) was measured daily 
before and after the samples. The average offset between the measured 
hydrogen isotope composition of the alkanes and values determined 
off-line was 20.2‰. The average standard deviation over the total 
analytical period was 6‰. The measured isotope composition of the 
different alkanes was corrected to account for the offset vs. the 
Schimmelman standard. Hydrogen isotopic compositions of one 
sample were measured six times to check internal precision of the 
analyses. The standard deviation in the δD value of the C23 n-alkane 
in the standard was <1‰. All duplicates showed an offset of <5‰. 
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The hydrogen isotope ratios are expressed relative to Vienna Standard 
Mean Ocean Water (vsmow). As all hydrogen isotope ratios were 
measured from mosses of the section Sphagnum, the values are 
comparable without correction for species-specific fractionation 
(Brader et al. 2010). 

5.4 Results and interpretation

5.4.1 Dating
The selection of the Late Subboreal core section was based on five 
14C dated layers taken from a nearby core (Gérard, 2004), and two 
radiocarbon dated layers in our core. The ams 14C analyses of the 
latter samples showed ages of 3142-3373 cal bp at the top, and 3837-
3979 cal bp at the basis of the core (Figure 5.2). Radiocarbon dates 
were calibrated to calendar years using the calib 6.0 software program 
and the intcal09 calibration curve (Stuiver and Reimer, 1993; 
Reimer et al. 2009). For the calibrated age range the 2 sigma standard 
deviation was taken. The macrofossil data and the H and O isotope 
measurements are shown in Figure 5.2. The microfossil data are 
represented in Figure 5.3.

5.4.2 Zoning
The microfossil diagram (Figure 5.3) shows a pollen association with 
predominantly trees and shrubs such as hazel (Corylus avellana), oak 
(Quercus), elm, (Ulmus), birch (Betula), lime (Tilia), beech (Fagus 
sylvatica) and some hornbeam (Carpinus betulus), while very low values 
of herbaceous taxa are recorded. Hazel and oak are co-dominant 
amongst the trees and shrubs. The regional taxa show no large changes 
in their values or distinct trends. The only trend that is visible towards 
the top of the diagram is an increase in the pollen values of beech and 
a higher diversity of herbs, such as mugwort (Artemisia) and ribwort 
plantain (Plantago lanceolata) that can be connected with the 
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immigration of beech on the higher plateaus and human interference 
in the landscape. In the local part of the diagram (i.e. the curves after 
the pollen sum), showing the local pollen and spore taxa, fungi and 
other types, local trends can be distinguished. These trends can be 
connected with major changes in the local macrofossil taxa and will  
be discussed together below.

In the local vegetation succession of Sphagnum mosses and other 
macrofossils, four more or less homogeneous zones are distinguished: 
mb-1 to mb-4. In the microfossil diagram the same zone are applied. 
Averaged over the entire core section, the volume ratio between 
Sphagnum mosses and other macrofossils was 50-50%. However, 
significant fluctuations were observed between the four zones. 
Furthermore, the occurrence of different Sphagnum sections shifts 
throughout the core. In raised bogs, Sphagnum mosses predominantly 
belong to the Cuspidata, Sphagnum and Acutifolia sections. All three 
sections are present in the core, although in some zones the Cuspidata 
or the Acutifolia disappear or come up again. The record of the other 
macrofossils supports the definition of the four zones, with species 
that prefer wetter conditions, or relatively dry growing bog species.

Zone mb-1:-287.5 to -271.3 cm
In zone mb-1, the total volume of Sphagnum mosses in the peat samples 
is high, around 65%. At the bottom of zone mb-1, 70% of the Sphagnum 
leaves belong to the intermediately dry growing section Sphagnum  
(S. papillosum, S. magellanicum, S. palustre), whereas remains of the 
Cuspidata and the Acutifolia sections are equally present at 15% each. 
At -284.5 cm, the hollow section Cuspidata disappears completely 
from the peat, and hummock species from the Acutifolia become 
dominant, increasing until 80% of the sample volume. Twigs and 
scales of the moss Polytrichum, seeds and twigs of Calluna, and the 
absence of Eriophorum vaginatum spindles in zone mb-1 suggest that 
local bog conditions were dry during this period. From the number  
of counted markers in the pollen record it can be inferred that peat 
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accumulation rates decreased towards the end of zone mb-1. During 
periods of drought, more peat is exposed to the air, speeding up the 
decomposition of the vegetation. The charred remains point to bog 
fires during times of drought. Furthermore, Amphitrema (T.31), a 
testate amoeba associated with Sphagnum rubellum, indicates the 
presence of relatively dry growing Sphagnum mosses. Thus, both the 
macrofossils and the pollen record indicate fairly dry bog conditions in 
zone mb-1.

Zone mb-2: -271.3 to -253.5 cm
The most striking change in the record takes place around -271.3 cm, at 
the transition from zone mb-1 to zone mb-2. At this transition, several 
contemporaneous shifts occur: 1) the Sphagnum moss percentage in 
the total of macroremains drops from 70% to 10%, 2) Ericales rootlets 
become amply present, 3) the dominant Acutifolia species almost dis-
ap  pear and Cuspidata species return, 4) Polytrichum leaves and twigs 
disappear, 5) Calluna seeds strongly diminish, and 6) the amount of 
Eriophorum spindles starts to increase and 7) spores of Tilletia sphagni 
(a parasite on Sphagnum) increase to a maximum in this zone. These 
shifts in the pollen and macrofossil records indicate that around this 
period, bog humidity conditions have changed from a relatively dry  
to a significantly wetter phase in a short time. The Sphagnum mosses 
from the Acutifolia section, as found abundantly in zone mb-1, grow 
preferably a few decimeters above the water table, whereas the mosses 
from the Cuspidata section occur in waterlogged conditions. Further-
more, Calluna grows on the dryer bog parts whereas Eriophorum thrives 
under wetter conditions (Mauquoy and Barber, 2007). Nevertheless, 
there is an apparent inconsistency in the macrofossil record, possibly 
conflicting with the assumption of increased humidity in the bog 
surface in zone mb-2. When bog conditions become more humid,  
in general, the Sphagnum fraction of the total vegetation increases, 
whereas in our bog section there is a sharp decline of the Sphagnum 
fraction. However, this decline can be a relative effect and is mainly 
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caused by the rise of Eriophorum fibers, suggesting that the absolute 
amount of Sphagnum may have remained constant. Furthermore, 
Eriophorum is also a wet growing species. Notwithstanding the relative 
decrease of the genus Sphagnum, the macrofossil record indicates a 
remarkable transition from mb-1 to mb-2, probably from relatively  
dry to wetter bog conditions. 

Zone mb-2 has its maximum wetness around level -260.5 cm, 
when the reappearing Cuspidata peak to a maximum of 40%, while 
the Acutifolia occurrence is only marginal. Conversely, the pollen 
record shows a large fraction of charred remains simultaneously with 
the Cuspidata peak in the macrofossil record. The low values of both 
Pteridium spores and pollen from anthropogenic herbs indicate that 
the charred dust comes probably from a local bog fire, rather than 
from the burning down of regional woods for agriculture. Just after 
the charcoal peak there is a rise in the values of fungi such as type 12 
and Meliola (T.14), while type 20 fungus ascospores appear. All three 
fungus types indicate local dry conditions and are frequently found in 
relatively dry Calluna peat (van Geel, 1978). The presence of Calluna 
at this level of the core is also an indication that the bog was probably 
not fully waterlogged. However, the pollen record of the trees and 
shrubs shows that at the same time when the Cuspidata increased, 
Corylus started to decrease. Van Geel (1978) states that Corylus 
catkins may be damaged by extreme wetness during spring. The 
combined markers of wetness and drought can be explained by an 
alternation of both dry and wet periods during the year, in this phase 
of zone mb-2. For example, large amounts of precipitation in late 
winter and early spring, may have been followed by longer periods  
of drought during the summer season. For Sphagnum growth, the 
frequency of precipitation is more important than the actual amounts 
(Robroek et al. 2009). Thus zone mb-2 seems to be a wetter phase 
than zone mb-1, with a possible shift in the distribution of rainfall  
over the year, affecting the vegetation composition.
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Zone mb-3: -253.5 to -245.5 cm
Zone mb-3 is the zone with most variation in the core section: it starts 
around 3435 cal bp with a recovery of the section Acutifolia, an 
indicator of drought, together with a peak of Type 3a. This is followed 
by a short but high peak of the Cuspidata mosses (70%). Shortly after 
one another, Sphagna of the section Cuspidata peak, indicating 
waterlogged conditions, alternating with Acutifolia peaks that indicate 
dryer phases and an increase of hummocks at the expense of hollows. 
Calluna and charcoal are found during these Acutifolia rich phases, 
supporting the evidence for short dryer phases. The changes in such a 
short period of time may indicate that the core was taken at the border 
of a hollow that expands during a wetter phase and withdraws during 
dry conditions, allowing for hummock species to take over. The rise  
in the Fagus pollen indicates that due to a transition to cooler, more 
oceanic conditions beech can also migrate to the higher plateaus.  
The Fagus maximum coincides with the extremely large amount of 
Cuspidata at level -252.5 cm. Anthropogenic herbs increase just 
before the mb-2/mb-3 transition, and become more abundant during 
zone mb-3. 

Zone mb-4: -245.5 to -240.5 cm
In zone mb-4, the conditions have stabilized to a constant state of 
relatively wet conditions: the presence of small amounts of Cuspidata 
species indicates moist bog conditions. Dry growing Acutifolia species 
do not occur, but the increase of Ericales rootlets and Calluna remains 
and the higher values of fungus types T. 3a, T. 12 and Meliola indicate 
that the bog environment was not fully waterlogged. 

5.4.3 Oxygen and hydrogen isotopes
The oxygen isotope values in the core section show substantial fluc-
tua t ions. The oxygen isotope ratios of the Sphagnum cellulose vary 
between +20.3‰ and +23.5‰. At the bottom of the core, in zone 
mb-1, the two δ18O measurements are intermediately positive.  
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The next data points, in zone mb-2, are less positive, whereas in zone 
mb-3, the two δ18O values increase. The lowest and highest values 
were measured in two successive data points in the top of the core, 
namely at -245.5 and -242.5 cm, marking zone mb-3 and zone mb-4. 
Unfortunately, there are several gaps in the record of the oxygen 
isotope values, partly because a few pouches were torn apart during 
the refluxing procedure, making these samples unsuitable for isotope 
measurements. 

The amplitude is as large as the difference in the δ18O of present-
day precipitation between for example the Netherlands and southern 
Norway, or Scotland and northern Finland. Thus, notwithstanding 
considerable margins of uncertainty, the range in δ18O values might 
indicate that considerable climate fluctuations have occurred during 
the time period of the core section.

The δD values of the n-C23 alkanes diverge between -218‰ and 
-150‰. Although the highest and the lowest values are successive 
data points in the core, the corresponding core slices are 10 cm apart 
in the core at -280.5 and -270.5 cm, which amounts to approximately 
150 years between the two data points. In zone mb-1, the δD values 
are strongly negative (-197; -218), whereas the δD values in zone 
mb-2 are most positive, with the most extreme positive value at the 
transition between these zones (-150; -176; -170). The single data 
point in zone mb-3 is fairly negative (-209), and the point in mb-4 is  
a bit more positive (-194), although still under intermediate. Overall, 
there are substantial fluctuations in the δD record, and there seems to 
be no apparent correlation with the bog wetness as derived from the 
pollen and macrofossils. 

5.4.4 Climate signals in the isotope record
It is difficult to infer reliable information about local climate conditions 
from the isotope record as the error rates and the factors that cause 
enrichment and depletion are often unclear or not quantified. The 
oxygen that is incorporated in the plant, first as glucose and later as 
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cellulose, originally comes from atmospheric CO2, although the δ18O 
of plants reflects the isotope ratios of precipitation, as there is a rapid 
equilibrium exchange between CO2 and H2O (Rozanski et al. 2001). 
The more positive δ18O values are due to a standard isotope fractiona-
tion during biosynthesis, which is 27‰ ± 3 (DeNiro and Epstein, 1981; 
Aucour et al. 1996; Brader et al. 2010). Although a number of authors 
state that bog water enrichment precedes the incorporation of water in 
Sphagnum tissues (Brenninckmeijer, et al. 1982; Aravena & Warner, 
1992; Zanazzi en Mora, 2005; Nichols et al. 2010), recent studies by 
Daley et al. (2010) and Brader et al. (2010) indicate that evaporation 
is a minor or negligible factor, so that the δ18O and δD values of 
cellulose and n-alkanes track the isotope ratios of precipi tation more 
closely than the isotope ratios of bog water. Adopting the marginal 
effect of bog water enrichment on the δ18O and δD signal in Sphagnum, 
we can correct the oxygen isotope ratios in the core (between +20.6 
and +23.5) with the average biosynthetic fractiona tion factor of +27‰. 
Thus, we can deduce that the δ18O isotope ratios of local precipitation 
during bog growth varied between -6.4 and -3.5, which is far more 
positive than the -9.2‰ that is calculated for current-day precipitation 
(gnip calculations, Bowen and Revenaugh, 2003). Relatively positive 
δ18O values in precipitation may be linked to a climate that was gene-
ra lly warmer and/or dryer than the present day climate (Dansgaard, 
1964; Araguás-Araguás et al. 2000; Johnsen et al. 2001). 

Remarkably, throughout the core, the H and O isotope values do 
not show a coherent evolution as the oxygen values of the core are 
positive, and the hydrogen signal are more negative than the isotope 
values of present-day precipitation (Brader et al. under review). The 
only corresponding data points were measured at -280.5 cm. Here, 
δD is -218‰, whereas δ18O is 23.0‰. Thus, the most negative H 
isotope ratio value goes together with a relatively positive O isotope 
value. Further research is necessary to quantify of the impact of 
temperature and precipitation on both the hydrogen and the oxygen 
isotope record. 
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5.5 General discussion

5.5.1 Comparison with palaeoclimate records from other European 
Holocene peat cores
The macrofossil and pollen records of the Late Subboreal section of the 
Misten Bog core show several successive bog humidity fluctuations: a 
dry phase is followed by a relatively wet phase, continuing with a 
phase of abrupt wet-dry shifts, and finally a relatively wet phase again. 
These alternating wet and dry phases before the permanent transition 
to the cooler and wetter Subatlantic period have been reported before. 
Dupont and Brenninkmeijer (1984) made a climate reconstruction 
based on H and O isotopes from a Dutch peatland site in Bargerveen 
(Meerstalblok). Based on multiple proxies, they reconstructed a 
climate shift around 3500 cal bp, preceded by a period of 500 years 
with more drought and higher temperatures than at present. 
Indications of seasonal or permanently dryer conditions are also found 
in the macrofossil record of the Hautes Fagnes core, although the 
major shift to a wetter phase at the transition from zone mb-1 to zone 
mb-2 occurs probably somewhat earlier in time. This is understan dable, 
considering the location and high elevation of the Hautes Fagnes, 
which causes extremely high amounts of precipitation for mid-latitude 
Western Europe. During a phase of progressing humidity, it is expected 
that the threshold values for a change in the vegetation were attained 
earlier in areas that were already wet. The fact that Sphagnum mosses 
were always present further indicates a constant level of bog humidity 
although the amount and the species involved changed as a result of 
changing bog humidity conditions and seasonality of precipitation.  
As there are still quite remarkable shifts in the isotope and macrofossil 
record it is likely that other climate factors (temperature, wind, cloudi-
ness) also impacts on the local hydrological conditions and subse quen-
tly affect the bog vegetation.

Positive δ18O values at the end of the Subboreal have been reported 
in other European bog-based palaeoclimate studies as well. Tinner et al. 
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(1983) describe a sharp rise of the δ18O around 3250 cal bp, thus in 
the same period as in the top of the Hautes Fagnes core section. 
Chambers et al. (1997) found strong indications in a Scottish peat 
core for increased wetness around 3455 cal bp, which is close to the 
δ18O minimum of Daley et al. (2010), measured around 3500 cal bp 
in a core taken in the English Borders region. In the Hautes Fagnes 
core, the δ18O minimum seems to occur earlier, namely around 3700 
cal bp, although it is unknown if there is a second minimum around 
3500 cal bp.

Recently, Daley et al. (2010) attempted to reconstruct Holocene 
climate variability by measuring δ18O from present-day Sphagnum 
cellulose, precipitation and bog water to calibrate a palaeorecord of 
4300 years. With this core, the authors present a δ18O record from 
mid-England at an interval of 100 years on average. Between 4000 
and 3000 cal bp, the δ18O values vary between +21‰ and +23‰, 
with the minimum value around 3500 cal bp. Before and after this 
age, the δ18O values were considerably more positive, with a dip 
around 3200 cal bp, and an extremely positive value just after 4000  
cal bp. The Misten Bog core shows a slightly wider amplitude in δ18O 
values during the Late Subboreal, and the minima seem to occur 
somewhat later in time. Still, although it is difficult to make a direct 
comparison between the two records, the fluctuations and amplitudes 
are similar during this period, possibly indicating a climatic driver that 
affects the δ18O over a larger geographic region, rather than merely 
regional climate changes that affect the environment locally. 

5.5.2 The potential of H and O isotope analyses for palaeoclimate 
reconstruction
The potential of isotope analysis from peat archives is large, as 
peatlands provide a chronological source of organic material with 
precipitation as its only source of water and nutrients. However, our 
study shows that the prospect of palaeoclimatic reconstructions from 
the isotope record of Northwest European peat cores is still limited at 
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this moment, and that a solid interpretation of isotope proxies requires 
comprehensive validation. Daley et al. (2010) stress that the interpre-
tation of δ18O signals from Sphagnum moss remains is complex and 
should be performed with caution. They report unrealistically large 
variations between the oxygen isotope proxy and modern surface air 
temperatures. In addition, an earlier study by Brader et al. (under 
review) reports on a weak correlation between δ18O of Sphagnum 
cellulose and isotope ratios of local precipitation (R2= 0.41). Still, Daley 
et al. (2010) report a correlation between δ18O of Sphagnum cellulose 
and an ecologically-derived proxy for bog surface wetness, with a 
lower δ18O value coinciding with increased bog surface wetness.  
The authors suggest that these data are probably affected by the same 
climate driver. Adopting the presumption of a common climate factor 
for both δ18O and bog surface wetness in the Misten Bog core, we 
would expect that the wetting phases in zones mb-2 and mb-3, and to 
a lesser extent in zone mb-4 would concur with more negative δ18O 
values. The first δ18O value in zone mb-2 (at -267.5) is indeed far 
more negative than the values that were measured at the bottom of the 
core section, although the second δ18O point in mb-2 is less negative 
whereas at this level there is a peak in Cuspidata mosses, the wettest 
growing of all Sphagnum species. However, the large Cuspidata peak 
around -251.5 cm does coincide with a negative δ18O value. In the top 
of the core section, the strongly positive δ18O values at the top are also 
not accompanied by a signal of drought in the macrofossil record. 
Thus, in our record, there is no consistent evidence for a concurrence 
of δ18O or δD values and bog surface wetness conditions. 
Furthermore, the current plant fossil remains and stable isotope data 
do not allow for a distinction between separate climate factors such as 
precipitation, temperature, wind and cloudiness. More research is 
required to quantify the significance of individual climate parameters.
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5.6 Conclusions

– During the Late Subboreal period, bog humidity conditions in the 
Hautes Fagnes alternated from dry to wet several times.

– There are indications for seasonality during some phases in the 
Late Subboreal, with large amounts of precipitation during spring, 
and drought in the summer period.

– Macrofossil and pollen records do not parallel the H and O isotope 
records. The macrofossils and pollen complement each other, 
whereas the H and O isotope records seem to diverge, and do not 
follow the biological records. 

– The biological proxies give insight in local conditions, whereas the 
oxygen isotope values parallel with other European isotope records 
of this period. 

– The start of the wet phase at the mb-1/mb-2 transition is early 
compared to other European peat bases climate records. This is 
likely due to the extremely wet conditions in the Hautes Fagnes, 
where only a small amount of extra precipitation may already cause 
a vegetation shift. 

– The abrupt wet-dry shifts in an apparently stable Holocene 
advocate for more high resolution Holocene climate studies.
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A. Research outline

Reconstructions of past climate and environmental change are based on 
proxies and proxy recorders. Over the last decades, the application of 
stable isotope proxies has grown substantially, although the processes 
that determine these isotope ratios in the proxy recorders are not 
always fully understood. Before an isotope proxy can be applied for 
palaeo climate reconstruction, it should be known to what extent 
various environmental or (bio)chemical factors have affected the proxy 
values. In this thesis, studies regarding the relationship between stable 
isotope ratios of precipitation (proxy for climate conditions) and the 
stable isotope composition of Sphagnum mosses (proxy recorders) are 
described, before the proxies were applied in a peat-based palaeoclimate 
and palaeoenvironmental study. The research has focused on two 
directions: 

a)  The link between climatic, atmospheric and environmental 
conditions and the stable isotope composition of Sphagnum mosses, 
discussing the applicability and limitations of Sphagnum based 
isotope proxies in climate and environmental change studies 
(Chapters 2, 3 and 5). 

b)  The plant-internal biochemical processes associated with isotope 
fractionation. Here, the interaction between precipitation and moss 
biochemistry was examined to discriminate between genetic and 
environmental factors that affect the isotope record in Sphagnum 
mosses (Chapters 2, 3 and 4).

Both lines of research started with a greenhouse experiment (Chapter 2), 
in which three Sphagnum species, representatives of three geneti cally 
and ecologically distinct sections (Shaw, 2000; Rydin and Jeglum, 2006), 
were cultivated under strictly controlled greenhouse conditions, so that 
the impact of species, precipitation and bog water table on the isotope 
record could be monitored and quantified separately.  
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Conclusions inferred from greenhouse experiments cannot be directly 
adopted in the field situation, as field conditions can be erratic, and 
can be influenced by factors not involved in the greenhouse set up. 
Therefore, Chapter 3 describes the isotope record of a set of Sphagnum 
field samples with a large geographical distribution, grown under natural 
environmental conditions. These present-day findings of Sphagnum as 
a recorder of stable isotopes were eventually applied in the peat core 
study of Chapter 5, where isotope data were compared with biological 
proxies, and analyzed to explore if there is a pattern in the Sphagnum 
isotope record of n-alkanes that can be used as a chemo taxonomic 
fingerprint for species recognition in decayed peats (Chapter 4).

These two lines of research are interconnected through the develop-
ment and validation of Sphagnum isotope proxies for environmental 
change in peatlands. The combination of biochemistry and ecology,  
of biotic and abiotic factors, has contributed to a better insight in the 
applicability and limitations of these proxies.

B. Species-specific fractionation and  
the role of evaporation

The genus Sphagnum is subdivided in genetically and morphologically 
distinct sections, which generally inhabit with their own environmen-
tally favored conditions, although there are overlaps and exceptions  
in individual species. Species from the Cuspidata, Sphagnum and 
Acutifolia sections dominate ombrotrophic peatlands. Both the green-
house experiment (Chapter 2) and the field sample analysis (Chapter 
3) demonstrate that stable hydrogen and carbon isotope fractionations 
of n-alkanes and stable carbon isotope fractionation of bulk organic 
matter is different among the species. Although it was known from the 
literature that different groups of photoautotrophic algae and bacteria 
have strongly deviating hydrogen isotope fractio nation values (Sessions, 
1999; Zhang & Sachs, 2007; Zhang et al. 2009), for Sphagnum 
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mosses it was supposed that local conditions (relative humidity, soil 
moisture, precipitation) are the most important factors for H isotope 
variability, and not biosynthetic differences among species (Sachse et al. 
2006). Our research indicates that there is a species effect in hydrogen 
isotope fractionation from the water source to Sphagnum lipids. Under 
the growth conditions applied, this species effect is absent for oxygen 
isotope fractionation from source water to Sphagnum cellulose; all 
species have the same offset between source water and cellulose. 
Species-specific fractionation did however occur in the carbon isotope 
values of the different species. In contrast with the hydrogen depletion 
and oxygen isotope enrichment, but in accor dance with earlier isotope 
studies, carbon isotope depletion is inversely related with plant water 
content (Williams and Flannagan, 1996). 

Peat-based palaeoclimate studies often conclude that evaporation  
is a key process. Evaporation causes isotope enrichment in bog water, 
thus providing insight in past local humidity conditions. Remarkably, 
under the strictly controlled conditions of the greenhouse experiment 
it turned out that the amount of enrichment or depletion in Sphagnum 
moss isotopes is not affected by the amount of evaporation. In the 
field situations of the European sample set, bog water enrichment was 
rather constant across the range of climate conditions, and fractio  na-
tion values corresponded with the greenhouse values. However, this 
does not completely prove that enriched water is being discriminated 
by photosynthesizing Sphagnum mosses. There is a possibility that the 
actual H isotope fractionation is larger, and the actual O isotope 
fractionation is smaller than the values that were found, but that the 
enrichment through evaporation has a moderating effect on the values 
that are ultimately measured in the tissues. In order to ascertain the 
actual water source of growing Sphagnum mosses and to quantify the 
contribution of enriched bog water in Sphagnum isotope fractionation, 
a new experiment should be performed to compare the isotope values 
of precipitation, bog water, water inside the moss pore spaces and 
moss lipids. Since isotope values are increasingly applied as proxies 
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for palaeoclimate reconstructions, it is highly important to assess the 
exact fractionation during biosynthesis, separately from the enrichment 
through evaporation of bog water. After all, if we aim to reconstruct 
the original isotope values of precipitation in a palaeo-situation, this 
distinction is crucial. Nichols et al. (2010) developed a mathematical 
method to quantify past changes in bog evaporation, based on the 
assumption that Sphagnum mosses incorporate the enriched bog water 
in their lipids, comparing Sphagnum derived δD values with those 
from vascular plants. The reliability of this method can improve if the 
factors above are taken into account.

Since the role of evaporation in isotope fractionation remained 
somewhat indistinct, and evaporation might be a key environmental 
process for bog-based palaeoclimate reconstructions, a second green-
house experiment was set up to determine to what extent bog water 
evaporation affects the isotope signal in Sphagnum mosses, by growing 
several Sphagnum species under a range of humidity and precipitation 
regimes. Unfortunately, this experiment became infected. The experi-
mentally grown mosses withered, leaving this research question 
unanswered in this thesis. 

C. Chemotaxonomic fingerprinting  
and lipid biosynthesis

The inter-species variation of hydrogen isotope fractionation of 
n-alkanes is so large that it should be taken into account in palaeo-
climate reconstructions that use n-alkane or bulk isotopes as a proxy. 
In strongly humified peat samples, a visual assessment of the species 
composition is virtually impossible. Here, the combined carbon and 
hydrogen isotope values can give a clue about the Sphagnum species 
composition of a peat sample. A combination of relatively depleted 
hydrogen isotope ratios and relatively enriched carbon isotope ratios 
represents a sample rich in Cuspidata mosses. Unfortunately, the value 
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of this indicator is limited in reconstructions of isotope ratios of past 
precipitation, as a number of environmental factors may have attri  bu-
ted to the isotope composition as well. If the carbon and hydrogen 
isotope values are combined with the relative abundances of the C21-C31 
odd n-alkanes in Sphagnum, species from the three dominant bog-
forming Sphagnum sections (S. cuspidatum, S. magellanicum and S. 
capillifolium) can however be discriminated chemotaxonomically since 
the n-alkane distributions within species are more similar than those 
among species and conservative under different growth conditions 
(Bingham et al. 2010). 

The biosynthesis of the lipids seems to determine the fractionation in 
the n-alkanes, as each species might have a slightly different bioche -
mi cal pathway for n-alkane synthesis. Sessions et al. (1999) found that 
biosynthetically related compounds (e.g. n-alkanes) can differ substan -
tially in δD values in different organisms, despite the fact that they 
were grown in water with the same hydrogen isotope composition. 
Differences in lipid trafficking during biosynthesis may cause a diver-
gence in δD values among the species. Remarkably, within the range 
of n-alkanes present in a species sample separate biosynthetic pathways 
seem to be operational for the shorter and the longer alkanes. This 
finding was not expected, but definitely worthwhile to follow up with 
biochemical, genetic and labeling studies.

D. The H and O isotope proxies  
as recorded in Sphagnum

The rationale of this research was straightforward: climate factors 
affect the isotope ratios in precipitation (e.g. Dansgaard 1964), 
precipitation is the only source of water and nutrients in raised bogs, 
Sphagnum mosses attain their water directly from their environment 
and therefore Sphagnum mosses would have the isotope ratios from 
precipitation incorporated in their tissues and compounds. 
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Subsequently, for the Holocene palaeoclimate reconstruction intended 
in the ‘Climate Change and Spatial Planning’ program, this line of 
thought should be followed the other way around: the isotope ratios in 
the tissues and compounds of fossil Sphagnum remains are directly 
linked to the isotope ratios in palaeoprecipitation, and thus provide 
information on the environmental conditions during past Sphagnum 
growth. Both the greenhouse and the field study show this to be an 
oversimplification. 

Even when the biochemical fractionation as described above is taken 
into account, the isotopic values of precipitation and the isotope ratios 
in local Sphagnum samples always show deviations of the expected 
values of local precipitation. Although the correlation between 
precipitation and moss isotopes is well accepted, the variations are 
substantial and unaccountable. Unexpectedly, the field sample set 
showed that the offset between precipitation and hydrogen isotopes  
is smaller than the offset between precipitation and oxygen isotopes. 
Therefore, hydrogen isotopes of n-alkanes should be the preferred 
proxies for the isotope reconstruction of precipitation. 

A few practical issues should be taken into account before a proxy 
should be applied for palaeoclimate reconstructions from a peat core. 
As mentioned before, in case of the hydrogen isotope proxy, it is 
important to know the species composition of a peat sample, and 
preferably a mono-species sample is analyzed. This is not easy, as 
mosses may be decayed in peat, and even if the plants have remained 
intact, it is difficult to identify a sample on the species level. On top of 
that, sample picking by hand is time consuming, and in a multi-species 
sample, the pool of n-alkanes may have been mixed since n-alkanes 
represent a loosely attached component of the plant waxes at the 
surface of the leaves. This possible mixing would be worth testing 
experimentally. 

In the peat core study (Chapter 5), the isotope proxies do not 
provide a clear picture. Where the macrofossils and pollen 
complement each other, the H and O isotope records seem to diverge, 
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and do not parallel the vegetation record. However, the number of 
isotope data was too small for firm conclusions. Anyhow, none of the 
isotope proxies unambiguously follows the biological records. The 
oxygen isotope pattern corresponds better with oxygen isotope data 
reported from other European Holocene climate studies than with the 
local humidity fluctuations deduced from the macrofossil and pollen 
proxies. This might point to a climate driver that affects the δ18O 
values over a larger geographic region, overruling the effect of regional 
climate changes that affect the local environment. 

The biological proxies seem to give more distinct information 
regarding the local conditions of the bog environment than the isotope 
proxies. This is a somewhat unexpected result of this research project. 
After all, the initial aim of the project was to develop an isotope tool 
that could not only qualitatively, but also quantitatively describe 
Holocene climate fluctuations. But apparently, the link between 
isotope values and climate conditions needs further refinement, 
whereby other climate factors than temperature and precipitation are 
incorporated such as the wind direction, cloudiness (solar irradiation) 
and evaporation. Also, it would certainly help to study a larger amount 
of locations and samples to clarify the diverging behavior of oxygen 
and hydrogen isotopes in relation to the vegetational record. The 
vegetation shifts in the bog core demonstrate that locally, certain 
humidity threshold values have been crossed, even when the underlying 
climatological mechanisms remain indistinct. Robroek et al. (2007) 
already showed that interspecific competition between Sphagnum 
mosses is strongly related to temperature and humidity conditions, 
and a further quantification of these and other environmental factors 
driving mutual competition in vegetation could attribute to our 
knowledge of past climate shifts.
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E. Late Subboreal peat-based climate reconstruction  
at the Hautes Fagnes, Belgium

During the Late Subboreal period, bog humidity conditions in the 
Hautes Fagnes alternated from dry to wet several times. There are 
indications for seasonality during this period, with large amounts of 
precipitation during spring and drought in the summer period. These 
transitions are deduced from the macrofossil analysis, performed on a 
peat core from Misten Bog, a raised bog in the Belgian Hautes 
Fagnes. The transition from the dry to wet phase at the beginning of 
the 4000-3000 bp millennium is early compared to other European 
peat based climate records. The early transition and seasonality effect 
is likely due to the extremely wet conditions in the Hautes Fagnes, 
where only a small amount of extra precipitation may already cause a 
vegetation shift. The abrupt wet-dry shifts that showed up in a 
Holocene period that was supposed to be fairly stable, ask for more 
high-resolution Holocene climate studies. Regions with relatively 
extreme average climate conditions might reveal climate transitions 
that remain undetected in the more moderate systems. Therefore, 
future greenhouse and field studies should include more extreme 
environmental conditions. These extremes might reveal the thresholds 
at which biological proxies or biological archives shift. 

F. Major conclusions

1.  Biochemical isotope fractionations should be taken into account in 
Sphagnum-based palaeoclimate studies based on hydrogen and 
carbon isotope proxies. As this fractionation is species-dependent, 
it is important to know the species composition of a peat sample. 

2.  The contribution of evaporation in Sphagnum isotope enrichment 
is limited.
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3.  Isotope proxies for the hydrogen and oxygen isotope ratios of 
precipitation carry considerable uncertainty. 

4.  Chain elongation during n-alkane biosynthesis seems to follow 
different pathways for shorter and longer alkanes.

5.  A combination of n-alkane distributions and isotope values is indica-
tive of the species composition in a highly decomposed peat sample.

6.  Biological proxies (pollen, macrofossils) reveal information of local 
bog conditions, whereas hydrogen and oxygen isotopes may link 
with drivers that affect the climate on a larger geographic scale. 

7.  In the Hautes Fagnes, the Late Subboreal was a period with 
multiple shifts in bog humidity.

G. Outlook

Current projections of Northern European climate change in the 21st 
century and beyond predict a rise in temperature, more periods of 
extreme drought in the summer half year, and more periods of extreme 
precipitation in the winter half year. This combination of a strong 
temperature rise and extreme precipitation regimes has not occurred 
in Northern and Western Europe during the last ten thousand years. 
The Holocene climate was either slightly continental or somewhat more 
oceanic. The expected climate conditions are new and more extreme, 
and the modeled forecasts may have large margins of uncertainty. 
Insight in environmental and climate shifts in the past can certainly 
attribute to the validation of models that predict the impact of future 
climate change, and reduce the uncertainty. 

From the Late Subboreal peat core study we learn that in a period 
of a few hundred years, bog vegetation can undergo several shifts, 
probably induced by changing humidity conditions. These shifts 
prove that also in the absence of human impact, environments are 
subject to short term alterations. The agreement between different 
botanical proxies suggest a close link to the environment (closer than 
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the biochemical isotope proxies, at the current state of knowledge), 
and their potential for model validation should not be underestimated, 
as they are not only recorders of biochemical proxies, but also climate 
indicators themselves. It will be worthwhile to further investigate which 
climate parameters can be deduced from the vegetation and from 
vege tation changes. Under controlled conditions, including extreme 
conditions, a number of bog species should be grown together in 
meso cosms, thus investigating which climate factors trigger vegetation 
shifts. Next, such an experiment needs validation in the field, before 
conclusions can be drawn about climate factors that underly environ-
mental changes in a bog system. The combined greenhouse and field 
approach as followed during this PhD study, has proven to yield new 
and valuable information on stable isotope proxies and proxy records. 
This approach should therefore be followed in future studies as well. 

In this research project it turned out that it was not possible to 
discriminate temperature from precipitation by a single isotope proxy 
signal. Future research should pursue the focus on a separation in  
this combined signal, and continue to search for independent palaeo-
precipitation records. At the start of this project, evaporation was 
expected to be a key process in the search for a proxy that quantifies 
palaeoprecipitation. However, the studies in this thesis indicate that 
evaporation plays an uncertain role in isotope enrichment, and its 
importance is possibly overrated. To elucidate this, a new greenhouse 
experiment, followed by field validation, should investigate the exact 
contribution of evaporation to isotope enrichment under various 
climate conditions. Besides temperature and yearly precipitation,  
the contribution of other climate parameters should be considered. 
Furthermore, several other factors (e.g. species specific fractionation, 
fractionation during biosynthesis of different Sphagnum compounds, 
ecological factors affecting growth and seasonality) seem to cause 
variations between isotope ratios in precipitation and Sphagnum 
isotope ratios. It will be interesting and useful to further investigate 
and quantify these factors. 
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Neerslag in Veengebieden

De stabiele isotopen samenstelling van veenmos als indicator 
voor veranderingen in het milieu

Reconstrueren en voorspellen van veranderingen in klimaat en milieu
Veranderingen in klimaat en milieu zijn van alle tijden. Als het klimaat 
verandert, verandert de natuurlijke omgeving mee. In het huidige West- 
Europa is echter nagenoeg al het land in cultuur, waardoor er weinig 
ruimte is voor de natuur om zich vanzelf aan te passen aan en mee te 
bewegen met veranderingen in het klimaat. Op basis van computer 
modellen verwachten het ipcc (Intergovernmental Panel on Climate 
Change) en het knmi in de toekomst voor ons land steeds meer extre-
men in het weer, met nattere zomers, drogere winters en bijbehorende 
extremere rivierwater standen. En hoewel de omvang van de verander-
ingen niet vast staat, is het wel te voorzien dat toekom  s tige klimaatveran-
deringen grote gevolgen kunnen hebben voor de omgeving en de 
samenleving. Zo hebben de Maas overstromingen van 1993 en 1995 
grote schade veroorzaakt: de materiële schade van de overstromingen 
van 1993 wordt geraamd op ruim 100 miljoen euro, en in 1995 werden 
meer dan 200.000 mensen geëvacueerd uit het Nederlandse rivieren-
gebied. Om zich goed te kunnen voorbereiden op veranderingen in de 
nabije toekomst, streeft de overheid naar model len, die de omvang van 
de verwachte klimaatverandering zo betrouw baar mogelijk voorspellen. 
‘Klimaat voor Ruimte’ is een nationaal onderzoeksprogramma dat moet 
bijdragen aan de kennis die nodig is om zo goed mogelijk te kunnen 
anticiperen op toekomstige klimaat veranderingen. Het onderzoek dat 
is beschreven in dit proef schrift, valt onder binnen het onderdeel 
‘Klimaat Scenario’s’ van dat programma. 

Bij het valideren van klimaatmodellen zijn kwantitatieve gegevens 
over klimaatveranderingen in het verleden enorm waardevol. Inzicht 
in de relatie tussen neerslag en rivier afvoer in het verleden, helpt 
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bijvoor beeld om ook voor de toekomst nauwkeuriger te kunnen voor-
spellen hoe onze rivieren zullen reageren bij overvloedige neerslag, of 
periodes van grote droogte. In mijn onderzoeksproject ligt de focus op 
het stroomgebied van de Maas, in de periode van ongeveer 2000 tot 
1000 voor Christus, het Laat Subboreaal (de Bronstijd in de archeo-
logie). Die periode wordt gezien als een natuurlijk refentiekader, een 
periode waarin de menselijke activiteiten nog gering zijn, en verande-
ringen in het milieu vooral te wijten zijn aan natuurlijke verschuivingen. 
Vanaf de Romeinse tijd heeft het landgebruik van mensen (ontbossing, 
veenontginning, verstedelijking) een impact op de omgeving, en zijn 
veranderingen in het milieu moeilijker tot een zuiver natuurlijke of 
zuiver antropogene oorzaak te herleiden.

Geschreven bronnen over klimaat en milieu gaan op zijn hoogst een 
paar honderd jaar terug. Om gegevens over klimaat en milieu van 
langer geleden te verkrijgen, zijn we aangewezen op zogeheten proxies. 
Een proxy is een meetbare eenheid die als indicator kan dienen voor 
een andere, niet direct meetbare grootheid uit het verleden. Zo kunnen 
jaarringen van bomen bijvoorbeeld inzicht geven in droge en natte 
jaren in de laatste millennia. In dit proefschrift dient de verhouding 
waarin de lichte en zware varianten (isotopen) van waterstof, zuurstof 
en koolstof in het weefsel van veenmossen voorkomen, als proxy voor 
de klimaat- en milieu omstandigheden. Aan de hand van de isotopen 
verhouding in veenmossen worden dus de milieu- en klimaatomstandig-
heden gereconstrueerd uit de tijd waarin dat mos groeide. 

Veengebieden als archief
Om iets te kunnen zeggen over het Laat Subboreaal, is er materiaal 
nodig uit die periode, waaraan we betrouwbare metingen kunnen doen. 
Naast een goede proxy, is er een archief nodig waarin die proxy is 
opgeslagen. Veengebieden, en in het bijzonder hoogvenen, vormen een 
waardevol archief op basis waarvan klimaat- en milieu veranderingen 
kunnen worden gereconstrueerd. Veen is een pakket van half vergaan 
plantenmateriaal, netjes opgestapeld in chronologische volgorde.  
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Een plakje van 1 centimeter veen uit een vertikale boorkern, bevat 
planten materiaal dat in een periode van tussen de 5 en 50 jaar op die 
plek is gegroeid. Aan plantenresten uit het veen valt veel informatie 
over het milieu ten tijde van de groei van de planten af te leiden. 
Traditioneel wordt geprobeerd om via pollen en macrofossielen de 
vegetatie veran deringen door de eeuwen heen te reconstrueren. 
Omdat de soort plant iets zegt over milieuomstandigheden - elke 
planten soort heeft zijn eigen bepaalde voorkeur voor natter of droger, 
warmer of kouder, zonniger of schaduwrijker, voedselarmer of 
voedsel rijker - is het goed mogelijk om op basis van vegetatie een 
kwalitatief beeld te schetsen van de veran derende het klimaat- en 
milieuomstandigheden door de tijd. Als er door de jaren heen een 
verandering optreedt in de vegetatie op een bepaalde locatie, dan is 
het aannemelijk dat de omstan digheden daar ook veranderen. 

Ongeveer de helft van al het veen materiaal in noordelijke veengebieden 
is gevormd door veenmos (Sphagnum). Veenmos heeft een bijzondere 
structuur, zonder wortels of vaatstelsel, en zonder huidmondjes die bij 
vaatplanten zorgen voor de regulatie van verdamping via de bladeren. 
De blaadjes van veenmos zijn slechts één cellaag dik, en vormen een 
patroon van afwisselend fotosynthetiserende chlorofyl cellen, en holle 
cellen waarin water kan worden vastgehouden (Figuur 1.5). In hoog-
venen is al het water van oorsprong regenwater, en dat water wordt 
dus tijdens de groei in de weefsels van het venmos ingebouwd. Op die 
manier heeft veenmos een heel directe link met het milieu waarin het 
groeit, en is uit overblijfselen van veenmos uit hoogvenen, waarschijnlijk 
ook informatie af te leiden over de neerslag in dat verleden.

Ongeveer de helft van al het veen materiaal in noordelijke veen-
gebieden is gevormd door veenmos. Er bestaan meer dan 100 verschil -
lende soorten veenmos, die zijn gegroepeerd in genetisch, morfologisch 
en/of ecologisch verwante secties. In dit proefschrift wordt aandacht 
besteed aan mossen van drie secties: de Cuspidata, de Sphagnum en 
de Acutifolia secties. Dit zijn de secties die vooral voorkomen in 
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hoog venen, waarbij de Cuspidata mossen een voorkeur hebben voor 
natte omstandigheden en poeltjes, de Sphagnum mossen gemiddeld 
nat groeien, en Acutifolia vooral voorkomen op de drogere, iets hoger 
gelegen bulten van een hoogveen. De soort veenmos die je terugvindt 
in het veen, is dus een indicator voor de droogte van die locatie in het 
gebied. 

Aan vegetatie reconstructies op basis van plantenresten (macrofos-
sielen) kleven een aantal nadelen. Ten eerste is het veen soms zodanig 
vergaan, dat er niet meer te achterhalen valt welke plantensoorten er 
oorspronkelijk gegroeid hebben. Verder zegt een verschuiving in de 
vegetatie wel iets kwalitatiefs over het milieu, maar altijd binnen een 
flinke bandbreedte. En dan vaak ook alleen nog maar ten opzichte van 
hoe het ervoor was. Dus het wordt natter of het wordt warmer. Maar 
hoeveel natter of hoeveel warmer het werd, is bijna nooit te bepalen op 
basis van de vegetatie.

Isotopen en de hydrologische cyclus
Met het voortschrijden van de techniek, zijn er steeds meer manieren 
bij gekomen om naast de hele planten, ook de grote organische mole-
culen (cellulose, lipides, dna) en de chemische eigenschappen van die 
moleculen door te meten. Dat is een ontwikkeling met een enorme 
potentie om milieu- en klimaatsverandering niet alleen kwalitatief, 
maar ook kwantitatief te beschrijven. 

Voordat ik in ga op die organische moleculen in veenmos, is het 
belangrijk om eerst iets meer te weten over water. Regenwater (en 
water uit andere vormen van neerslag, zoals sneeuw) heeft niet overal 
op de wereld exact dezelfde samenstelling. Water, H2O, bestaat uit 
waterstof- en zuurstof atomen, en die atomen komen van nature in 
verschillende verschijningsvormen, zogenaamde isotopen, op aarde 
voor. Verreweg de meest voorkomende zijn de lichte varianten (1H en 
16O), maar van zowel waterstof als zuurstof bestaan ook zwaardere 
varianten, (2H of Deuterium, afgekort D, en 18O). Die zware en lichte 
varianten van waterstof en zuurstof zitten altijd gemengd in neerslag. 
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De verhouding tussen lichte en zware atomen is echter wel verschillend, 
en hangt samen met klimaatfactoren. Deze verhouding speelt een 
belangrijke rol in dit proefschrift.

De isotopen verhouding zoals die voorkomt in de oceanen is de 
standaard (Standard Mean Ocean Water), en isotopen verhoudingen 
worden altijd weergegeven als afwijkingen ten opzichte van deze 
standaard. Rond de evenaren verdampt oceaanwater, dat stijgt op  
en reist richting de polen (zie Figuur 1.3) Terwijl regenwater richting 
de polen trekt, valt er onderweg steeds meer neerslag uit de wolken.  
Nu trekt de zwaartekracht iets harder aan het zware water dan aan het 
lichte water in de atmosfeer. Het zware water zal dus iets makkelijker 
uitregenen dan het lichte. Als gevolg daarvan verloopt de verhouding 
tussen zwaar en licht water naarmate de breedtegraden oplopen, met 
dicht bij de polen het meest lichte regenwater. Overigens is de afstand 
tot de evenaar niet de enige factor die van invloed is op de isotopen 
verhouding in neerslag water. Hoewel we nog niet precies weten hoe 
het zit, is er wel bekend dat er een aantal andere factoren zijn die de 
samenstelling van het regenwater kunnen beïnvloeden, zoals wind-
richting, temperatuur, regen intensiteit en hoogte. In noordelijke 
regio’s, het gebied waar het onderzoek van dit proefschrift is 
uitgevoerd, is temperatuur een belangrijke factor die samen gaat met 
isotopensamen stelling van regenwater. Hoe hoger de gemiddelde jaar-
temperatuur, des te lichter het regenwater. Overigens kan de isotopen 
verhouding in neerslagwater ook nadat het water is uitgeregend nog 
veranderen. Door verdamping, waarbij de lichte isotopen makkelijker 
verdampen dan de zware, wordt het water dat achterblijft in het veen 
relatief zwaarder.

Koolstof isotopen komen ook in lichte en zware varianten (12C en 
13C) voor, maar de isotopen verhouding van CO2 in de lucht, is wel 
over de hele wereld gelijk. Omdat veenmossen water en CO2 uit hun 
directe leefmilieu gebruiken om hun weefsels te bouwen, en hoog venen 
puur regenwater gevoede milieus zijn, zou de isotopensamenstelling 
van de neerslag en van de atmosfeer, al dan niet beïnvloed door 
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verdamping of biosynthese, af te lezen moeten zijn in de weefsels van 
het mos.

Onderzoeksvragen
Het principe van klimaatreconstructie op basis van veenmos isotopen 
is eenvoudig: de temperatuur bepaalt de isotopen verhouding van 
neerslag, en neerslag is de enige bron van water voor veenmos in 
hoog venen, dus die isotopen verhouding van de neerslag wordt tijdens 
de groei vastgelegd in de weefsels van veenmos. Dan zou je het dus 
ook om kunnen draaien: als je de isotopensamenstelling van oud 
veenmos meet, kun je daarvan de isotopensamenstelling van de regen 
die viel op het moment dat het oude mosje groeide vele jaren geleden, 
van afleiden. En met de isotopenverhouding van die oude regen, kun 
je iets zeggen over de temperatuur op het moment dat dat mosje 
groeide. Dat is een proxy: een meetbare eenheid die je iets vertelt over 
een andere factor uit het verleden waar je iets over wilt weten. Je meet 
isotopen in veenmos, en kunt daarmee iets zeggen over de neerslag, de 
temperatuur, of andere milieu omstandigheden in het verleden. 

Dit proefschrift gaat in op de vraag of die relatie tussen neerslag 
isotopen en isotopen in veenmos mos echt zo eenvoudig is als 
hierboven beschreven. Er wordt geprobeerd om de factoren die de 
proxy beïnvloeden te bepalen en te kwantificeren, om uiteindelijk een 
zo zuiver mogelijke proxy op te leveren, die daadwerkelijk 
betrouwbare informatie kan geven over milieuveranderingen in het 
verleden. In een boorkern met veen uit de Belgische Hautes Fagnes, 
daterend uit het Laat Subboreaal (de Bronstijd), wordt de veenmos 
isotopen proxy vervolgens toegepast, en vergeleken met pollen en 
macrofossielen, dus met biologische milieu indicatoren. Tenslotte 
wordt de oogst van dit onderzoeksproject kort samengevat, en wordt 
er geschetst hoe op basis van de behaalde resultaten het onderzoek 
vervolgd zou kunnen worden. 
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Sphagnum fallax
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De kas als proeftuin
Is de isotopen verhouding in neerslag en lucht dezelfde als de isotopen 
verhouding in veenmos? En zo niet, hoeveel wijken deze dan van elkaar 
af? En is die afwijking constant, of kun je er geen pijl op trekken? Zijn 
het genetische, of omgevings factoren die een rol spelen bij de 
isotopen waardes in veenmos?

Om meer grip te krijgen op de route tussen isotopen in neerslag en 
isotopen in veenmos (hieronder fractionering genoemd), en om de 
complexe set aan mogelijke factoren die een rol spelen bij fractione-
ring te kunnen ontrafelen, werd bij aanvang van dit onderzoek in een 
kas een opstelling gemaakt, waarin onder gecontroleerde omstandig-
heden een aantal soorten veenmos werden gekweekt. Zo kon precies 
worden achterhaald welke factoren een rol spelen bij de isotopen 
fractionering in veenmos, en welke factoren onbetekenend zijn. Door 
de omgevingsfactoren vast te leggen, kon achteraf goed bepaald 
worden welke factor precies van invloed was geweest op de gemeten 
isotopen waardes. De veenmossen werden bij een hoge en een lage 
grondwaterspiegel gekweekt, en kregen een afgemeten hoeveelheid 
neerslag. Gemeten werd hoe hard het veenmos groeide, hoeveel water 
er verdampte, en na een paar maanden groeien werden de waterstof, 
zuurstof en koolstof isotopen in de gekweekte veenmossen gemeten. 

Uit het kas experiment blijkt, dat je niet alle veenmos soorten over 
één kam kunt scheren. Er bestaan veel verschillende soorten veenmos, 
en die hebben ieder hun eigen biochemie, hun eigen interne fabriekje. 
Als de omgevingsfactoren identiek zijn, blijkt het interne fabriekje van 
de verschillende soorten op een andere manier met het zware en lichte 
waterstof omgaat. De verhouding van waterstof isotopen in verschil-
lende veenmos soorten scheelt aanzienlijk per soort, tot wel 30‰. Dat 
is evenveel als het verschil tussen de neerslagisotopen in Nederland en 
de neerslagisotopen in Zweden. En daar moet je dus wel rekening mee 
houden bij het reconstrueren van neerslag isotopen verhoudingen uit 
het verleden, anders geeft dat een flinke foutenmarge. Voor zuurstof 
geldt die soorts-afhankelijkheid niet. Zuurstof fractioneert wel (er 
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zitten in veenmos meer zware zuurstof isotopen dan in het regenwater), 
maar alle soorten veenmos doen dat op dezelfde manier. Aan het in-
bouwen van zuurstof ligt blijkbaar een meer universeel, of meer stabiel 
principe ten grondslag dan aan het inbouwen van waterstof isotopen. 
Enigszins tegen de verwachting, blijkt verder uit de metingen van die 
kasopstelling dat verdamping helemaal niet zo belangrijk is bij de 
isotopen fractionering. Vaak werd er veel meer verdamping gemeten, 
dan je op basis van de isotopen in het mos zou verwachten. Het lijkt 
erop dat de waterstof en zuurstof isotopen verhouding in veenmos 
vooral bepaald wordt door wat er uit de lucht valt, en daarnaast door 
biochemische stappen, dus de verwer king van dat water binnenin de 
plant. De lokale omstandigheden, dat wil zeggen de hoeveelheid ver-
damping, en ook de grondwaterstand, blijken minder impact te hebben 
dan van tevoren bedacht. 

Er vinden dus behoorlijk autonome processen in de veenmossen 
plaats. Is dat goed nieuws als je die proxy wilt gebruiken bij het recon-
strueren van lokale milieu omstandigheden? Ja en nee. Ja, want er is 
een redelijk directe lijn tussen wat er uit de lucht valt en wat je in de 
plant meet, en dat is fijn als je geïnteresseerd bent in de samentelling 
van het regenwater. Echter, om informatie te achterhalen over lokale 
omstandigheden, dus over bijvoorbeeld verdamping (die weer gekop-
peld is aan temperatuur, wind en hoeveelheid neerslag), lijkt de veen-
mos isotopen proxy te weinig aanvullende informatie op te leveren. 

Venen in heel Noordwest-Europa
Met de informatie uit het kas experiment is inzicht verkregen in de 
verschillende factoren die een isotopen proxy in veenmos kunnen 
beïnvloeden. Maar uiteindelijk is het doel om de isotopen proxy toe te 
passen op veenmossen die in de buitenlucht, in een veengebied, zijn 
gegroeid. En in het open veld kunnen zich omstandigheden voordoen 
die bij een kasopstelling niet voorzien waren. Om te weten te komen 
hoe sterk de relatie tussen neerslag isotopen en veenmos isotopen in 
een veld situatie is, en om te zien of die soort specifieke fractionering 
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uit het kasexperiment in het veld ook terug te vinden is, is er een set 
met veenmossen uit 15 verschillende veengebieden verspreid over 
Noordwest-Europa verzameld. Ook is er op een aantal plaatsen het 
veenwater verzameld rond de plek het veenmos groeide. Bij lokale 
meteorologische organisaties is informatie verzameld over neerslag 
hoeveelheden en temperatuur. De lokale isotopen samenstelling van 
de regen gemiddeld over een heel jaar is in de praktijk lastig te meten, 
maar gelukkig bestaan er computerprogramma’s die de waterstof en 
zuurstof isotopen verhouding van neerslag samenstelling goed kunnen 
reconstrueren. Al met al levert dat een flinke verzameling gegevens op, 
waar veel informatie uit af te leiden valt. Na het analyseren van al die 
gegevens bleek dat de soortspecifieke biochemie die we in de kas 
hadden gevonden, ook geldt voor het veld. Ook in het veld blijken de 
waterstof en koolstof isotopen verhoudingen afhankelijk van de 
veenmos soort die wordt onderzocht. Dit onderstreept nog eens het 
belang van een nauwkeurige soortsbepaling bij de toepassing van de 
waterstof en koolstof isotopen proxies. 

Door de istopen verhoudingen van het regenwater, het veenwater 
en het mos naast elkaar te leggen, zien we dat verdamping ook in het 
veld – binnen de bestudeerde klimaatzone – slechts een beperkte rol 
speelt bij het bepalen van isotopen verhoudingen in veenmos. Dat 
verwonderde ons bij het kasexperiment, maar die waarneming wordt 
dus ondersteund in de veld samples. Het geeft aanleiding tot vervolg-
experimenten waarin zo precies mogelijk achterhaald zou moeten 
worden, welk water veenmossen gebruiken tijdens hun groei. Groeit 
veenmos van het water waar het in staat, of hoofdzakelijk van het 
water dat rechtstreeks uit de lucht op het plantje valt? 

Uit de veldset kan verder worden afgeleid, dat waterstof isotopen 
veel netter weergeven wat er uit de lucht is gevallen dan zuurstof 
isotopen. Kortom: de waterstof isotopen verhouding uit veenmossen 
is een goede proxy voor de waterstof isotopen verhouding uit neerslag, 
waarbij de betrouwbaarheid van de proxy toeneemt als bekend is welke 
veenmos soort er precies gemeten wordt.
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Soorten herkennen op basis van biochemie
In het kasexperiment en de Europese set van veenmossen uit het veld 
zien we dat het van belang is om te weten welke mosjes je precies meet, 
als je de waterstof isotopen verhouding uit hun weefsels wilt kunnen 
gebruiken als proxy voor neerslag isotopen op het moment van groei. 
Nu is het bij vers veenmos al een hele klus om de exacte soort te 
bepalen, en in veen, waar de plantjes vaak half vergaan zijn, is het nog 
veel moeilijker om veenmos soorten te herleiden. Een ander probleem 
is, dat het ontzettend veel tijd kost om met de hand zo veel mosblaadjes 
te verzamelen, dat je er betrouwbare isotopen metingen aan kunt doen. 
En soms, als de veen vormende planten al te veel vergaan zijn, is het 
zelfs met het grootste geduld van de wereld onmogelijk om uit een 
stukje veen een monster te nemen waarvan je de soort(en) herkent,  
en waar je ook nog isotopen metingen aan kunt doen.

Het zou dus soms handig kunnen zijn om basis van de biochemische 
metingen in het veen een uitspraak te kunnen doen over welke soorten 
er oorspronkelijk in dat veen groeiden. Dat blijkt mogelijk te zijn. 
Door de hoeveelheden van de verschillende n-alkanen (planten wassen 
van verschillende lengte) te meten, en de waterstof en koolstof isotopen 
samenstelling van die n-alkanen te bepalen, blijken soorten of soort-
groepen van veenmos van elkaar te onderscheiden in een ogenschijnlijk 
onherkenbaar stukje oud veen. Met deze ‘biochemische handtekening’ 
lijken vooral de nat groeiende veenmossen te traceren. Er valt nog iets 
op uit het beeld van de koolstof isotopen bij de n-alkanen van verschil-
lende lengte. Het zou kunnen, dat de kortere en langere n-alkanen uit 
twee verschillende productie lijnen (pathways) komen in de bioche-
mische interne fabriekjes die plantenwassen maken. Dit is zijspoor van 
het isotopen proxy onderzoek, maar zeker interessant bij de studie 
naar biochemische processen in veenmos en andere planten. Het is de 
moeite waard om deze analyse nog eens te herhalen met meer mosjes, 
en herhaalde metingen, zodat zowel de ‘biochemische handtekening’ 
als de ‘gescheiden productielijnen’ met meer overtuiging aangetoond 
kunnen worden. 
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Reconstructie van milieu in Misten Bog, Hautes Fagnes (België) in 
het Laat Subboreaal (1950-1300 voor Christus)
Na het testen en afstellen van de isotopen proxies in het heden, is het 
tijd om te kijken of die proxies ook bij venen uit het verleden toepas-
baar zijn. In Misten Bog, een Belgisch hoogveen, is een boorkern uit 
het veen gehaald. Die boorkern was 8 meter lang, en ging tot 9000 
jaar terug. Uit die lange boorkern is vervolgens het stukje geselecteerd 
dat de periode van ongeveer 1950 tot 1300 voor Christus beslaat. In 
die periode wordt nog geen grote klimaatomslag verwacht (die komt 
daar vlak na in de Romeinse tijd), maar volgens eerdere studies, is het 
klimaat in de bestudeerde periode ook niet helemaal stabiel. Het is dan 
ook de verwachting dat er in de isotopen of in de vegetatie van het 
veen uit die periode wel iets verandert. 

De plantenresten die we hebben bestudeerd in die ruim 600 jaar, 
laten zien dat er in een periode van een paar eeuwen flink wat verschui-
v ingen plaatsvinden in de veen vegetatie. Natter en droger levende 
planten wisselen elkaar af. De pollen, die iets zeggen over wat er in de 
regio allemaal groeide, ondersteunen dat beeld van afwisselende natte 
en drogere periodes. Echter, als je de isotopen daar naast bekijkt, lopen 
die nauwelijks parallel met het lokale beeld. Nu bleek het moeilijk om 
uit de smalle boorkern genoeg materiaal te verzamelen voor isotopen 
metingen, maar de paar meetpunten die er zijn, laten toch een ander 
patroon zien dan je op basis van de gereconstrueerde vegetatie zou 
verwachten. Soms lopen de zuurstof isotopen parallel met de vegetatie, 
en worden de zuurstof isotopen waardes ook meer negatief als de 
vegetatie een duidelijke vernatting in het veen laat zien, maar op ander 
momenten is er geen samenhang tussen het vegetatie beeld en de 
zuurstof of waterstof isotopen waardes.
Opmerkelijk is wel, dat als de zuurstof isotopen waardes vergeleken 
worden met zuurstof isotopen waardes van andere Europese studies, er 
toch meer parallellen te vinden zijn. Op basis daarvan zou je wellicht 
kunnen zeggen dat de waarde van biologische proxies vooral lokaal 
ligt, terwijl je met isotopen meer naar een algemene verschuiving in 
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klimaat op een grotere geografische schaal kijkt. Op basis van de 
relatief kleine data set uit de veen boorkern lijkt er moeilijk een harde 
uitspraak te doen over de vergelijking tussen de biologische proxies en 
de isotopen. We zien wel degelijk flinke verschuivingen in de waterstof 
en zuursof isotopen waardes. Willen we echter de link tussen isotopen 
waardes en klimaat omstandigheden goed kunnen leggen, dan is er een 
uitgebreider onderzoek nodig. Daarbij moeten ook zeker andere facto-
ren dan alleen temperatuur en neerslag meegenomen worden. Denk 
dan bijvoorbeeld aan de wind, windrichting of mate van bewolking.

Conclusies
In dit proefschrift is onderzocht of en hoe de stabiele isotopen samen-
stelling van veenmossen kan worden gebruikt om veranderingen in kli-
maat en milieu te reconstrueren. Inzicht in interne en externe proces sen 
die zorgen voor isotopen fractionering, hebben de betrouw baarheid 
van de veenmos isotopen proxy vergroot. De stap van veen mos isoto-
pen naar kwantitatieve informatie over klimaatfactoren is vooralsnog 
te groot, maar in dit proefschrift is wel aangetoond dat op via de 
water  stof isotopen verhouding uit veenmossen, de waterstof isotopen 
verhouding uit neerslag goed herleid kan worden, waarbij de betrouw-
baarheid van de proxy toeneemt als bekend is aan welke veenmos soort 
er precies gemeten wordt.

In de vegetatie analyse van een veenkern lijken de Hautes Fagnes 
tijdens het Laat Subboreaal nattere en drogere periodes door te 
maken. Het isotopen beeld over die zelfde periode laat ook zien dat  
er schommelingen zijn door de tijd, maar de isotopen waardes lijken 
opvallend genoeg andere informatie te bevatten dan het vegetatie 
beeld. De gevonden pieken en dalen in zuurstof isotopen vertonen 
sterke overeenkomsten met waardes die bij andere Europese neerslag 
isotopen reconstructies gevonden zijn, en mogelijk ligt aan de verande-
rende isotopen waardes in de neerslag een vooralsnog onbekende set 
van klimaatfactoren ten grondslag. Het is interessant om de isotopen 
proxy in veenmos nader te bestuderen, en verder in te gaan op de 
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klimaat- en milieufactoren die mogelijk een rol spelen in deze proxy. 
Het nabootsen van een ecosysteem in een proefopstelling kan goed 
helpen bij het verder ontrafelen van de complexe relatie tussen 
klimaat, milieu en biosfeer.
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