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Abstract 

 

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 palaeoclimate 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, 

prepresentatives of three genetically 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. 

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 chemotaxonomic fingerprint for species recognition in 

decayed peats (Chapter 4).  



These two lines of research are interconnected through the development 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 environmentally favored conditions, although there are overlaps and exceptions in 

individual species. Species from the Cuspidata, Sphagnum and Acutifolia sections dominate ombrotrophic 

peatlands. Both the greenhouse 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 fractionation values (Sessions, 1999; Zhang & Sachs, 2007; Zhang et al. 2009), for 

Sphagnummosses 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 accordance 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 fractionation 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 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 greenhouse 

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 experimentally 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 palaeoclimate 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 valueof this indicator is 

limited in reconstructions of isotope ratios of past precipitation, as a number of environmental factors may 

have attributed 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 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 the fact that they were grown in water with the same hydrogen isotope composition. 

Differences in lipid trafficking during biosynthesis may cause a divergence 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. 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, 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. 

 

 

 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.  

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 indicative 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. 


